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Dedication

Wededicate this paper to thememory of Vicki Funk (Smithsonian Institution) and Jonathan
“Jackie” Brown (Grinnell College), two researchers who have done much to further our un-
derstanding of the Hawaiian biota. Vicki specialized on Compositae and did extensive work
on theHawaiian Bidens. She, along withWarrenWagner, literally wrote the book onHawaiian
biogeography (Wagner and Funk 1995). Jackie was an expert on Hawaiian Tephritidae and
Megalagrion and was a source of inspiration for us.We will miss their friendship, mentorship,
and passion for Hawaiian plants and insects.
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abstract

The spectacular adaptive radiations on the Hawaiian Islands offer the tantalizing possibility of as-
certaining the predictability of evolution, especially with regard to how the archipelago’s dynamic geol-
ogy suggests a priori hypotheses for evolutionary pattern and process. In the past two decades advances
in sequencing and phylogenetics have shed new light on the evolution of this model fauna. Here, we
provide an overview of recent research on major endemic Hawaiian insect radiations. We find that,
in contrast to earlier views, a substantial fraction of Hawaiian insect clades colonized the archipelago
prior to the formation of the current high islands (5.1 Ma) and have persisted through one or more
rounds of island formation and subsidence prior to the emergence of the current archipelago. Many Ha-
waiian insect radiations show elements of the progression rule, a null expectation where biogeographic
patterns on the phylogeny mirror the chronological sequence of island formation, but few match its pre-
dictions exactly. Diversity in most radiations is shaped by a complicated interplay of among-island dis-
persal and within-island diversification. Finally, we find a positive relationship between clade age and
species richness in Hawaiian insects, but with a great deal of variance that is likely explained by aspects
of ecology and clade-specific factors.
Introduction

T HE biotas of remote island archipela-
gos, such as the Galápagos and Ha-

waiian Islands, have long served as model
systems for investigating fundamental evo-
lutionary questions (Darwin 1859; Lack 1947;
Carlquist 1974; Simon 1987; Wagner and
Funk 1995; Gillespie 2004; Whittaker et al.
2008; Grant and Grant 2014; Warren et al.
2015; Shaw and Gillespie 2016; Patiño
et al. 2017). The influential theory of island
biogeography proposes that species diversity
on island systems is a function of many fac-
tors, including island area and distance from
the mainland (MacArthur and Wilson 1967).
Under this theory, larger islands should sup-
port more species than smaller ones because
of less extinction. Furthermore, islands that
are closer to continental source populations
will experience more colonization and, con-
sequently, have higher species numbers than
more remote islands. Traditional island bio-
d 249 Achorn Inte
geography theory, however, downplays the
potential for in situ diversification that some
lineages possess and the impact that long
periods of time might have on island lin-
eages. Indeed, this theory is fundamentally
incomplete as a comprehensive framework
for predicting biodiversity on remote archi-
pelagos. Dispersal is important in generating
the biotas of remote, isolated archipelagos, but
their total biodiversity is shaped largely by
local speciation such that their faunas and
floras are characterized by endemic taxa,
including speciose endemic radiations (Wag-
ner et al. 1999; Liebherr 2001; Grant and
Grant 2014; Shaw and Gillespie 2016). Fur-
thermore, other factors, such as species in-
teractions and biogeographic complexity, have
been suggested to govern species diversity
(especially in major radiations) on remote is-
lands (Diamond 1975; Gillespie 2004; Rom-
inger et al. 2016). Accordingly, study of the
endemic biodiversity of remote archipelagos
11/05/21 17:54rnational
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has much more to contribute to our under-
standing of how ecological and evolutionary
factors affect rates and patterns of evolution-
ary diversification (Warren et al. 2015; Patiño
et al. 2017).

Hawaiian insects offer an outstanding op-
portunity to explore factors shaping the evolu-
tion of species diversity. The sizes, geological
ages, and ecological diversity of the Hawaiian
Islands make them a long-held model system
for understanding speciation dynamics and
taxonomic and ecological diversification. In
this review, we use recentmolecular phyloge-
netic studies to examine the roles played by
geological history and timing of colonization
in the diversification of Hawaiian insects. We
specifically cover colonization events that oc-
curred before humans arrived in Hawaiʻi, as
a model for understanding the role of these
factors in generating in situ biological diver-
sity. Theextensive literature on invasive species
and human-mediated introduction events is
outside the scope of this review and is cov-
ered elsewhere (e.g., Kirch 2000; Gillespie
and Roderick 2002).
geology of the hawaiian islands

The Hawaiian Archipelago is the most re-
motehigh-islandgroupon theplanet, located
3200 km from the closest continent (Carson
and Clague 1995). This isolation has allowed
a few colonizing species to evolve into an im-
pressive biota, with over 1000 species of plants
(Wagneretal.1999)andanestimated7000spe-
cies of insects (Liebherr 2001), roughly 90%
of which are thought to be endemic. Nev-
ertheless, these estimates are likely an under-
estimate of the historical and contemporary
endemic insect richness in Hawaiʻi.

The Hawaiian Archipelago has formed
over a more-or-less stationary mantle plume
hotspot in the Pacific Plate that has been ac-
tive periodically for the past 60 million years
(Sharp and Clague 2006). Islands form as
lava seeps through the hotspot and, over time,
breaks theocean’s surface.As islandsare trans-
ported to thenorthwest by plate tectonics, they
moveoff thehotspot, volcanic activity declines,
and they begin to subside under their own
weight. Erosion from wind and water carves
9090.proof.3d 250 Achorn Inte
deep valleys and removes large amounts of
sediment, further reducing island elevation
and area, although potentially diversifying
habitats. Additionally, landslides during island
formation and subsidence radically change
islandareaandcomplexity (Moore et al. 1989).
As the Pacific Plate moves to the northwest,
new islands form above the hotspot, creating
a conveyor belt-like array with older islands
in the northwest of the chain and younger
islands in the southeast. Older islands even-
tually erode completely, becoming atolls, sea-
mounts, and shoals before sinking below
sea level and disappearing into the Aleutian
Trench. Similar processes elsewhere in the
world have produced other oceanic archipel-
agos, such as the Galápagos, Canary, Society,
and Marquesas Islands (Bailey 1976; Duncan
and McDougall 1976; Clouard and Bonne-
ville 2005).

All Hawaiian Islands undergo a character-
istic history of shield formation, erosion, and
subsidence (Figures 1A, B, and C). Figure 1a
shows the geological history of the Hawaiian
Islands over the past 25 million years based
on Price and Clague (2002). Shield forma-
tion, maximum island elevation above sea
level, and island persistence above 2000 m
and 1000 m are shown. These elevations are
important biologically because of the inter-
action of the islands with moisture-laden
northeast trade winds. Islands over approxi-
mately 1000 m in elevation are high enough
to intercept the trade winds, causing cloud
formation and heavy rainfall on the wind-
ward (northeast) sides of the islands, creat-
ing the opportunity for rainforest growth
(Figure 1C; Juvik et al. 2000). The upper el-
evation for such trade wind-fed rainforest is
roughly 2000 m. High islands in Hawaiʻi are,
by definition (Carson and Clague 1995), over
1000 m above sea level and are capable of
supporting rainforest habitat. The elevation,
erosion, and subsidence of these islands pro-
duces a dizzying array of habitats and micro-
climates on each island over the course of its
existence. The number of high islands has
also variedover time,with someperiods char-
acterized by multiple high islands that have
persisted for 5–10 million years, and other by
reduced volcanic activity and few or no high
islands present for periods of 2–5million years
11/05/21 17:54rnational
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(Figures 1A and B). Taken together, the ep-
isodic nature of Hawaiian volcanism and the
continuous processes of erosion and subsi-
dencehavehada large, and somewhatunder-
9090.proof.3d 251 Achorn Inte
appreciated, impact not only on the ability of
species to colonize and diversify on this archi-
pelago, but also to persist as rainforest habitats
flicker in and out of existence.
Figure 1. Geography, Geologic History, and Topography of the Hawaiian Islands

A. Timeline depicting the geologic history of the Hawaiian Islands, showing shield formation, maximum ele-
vation, and co-occurrence of islands over the past 30 million years. B. Map of the main Hawaiian Islands in the
present day and at 10 and 15 million years ago. C. Diagram depicting the inversion layer and its effects on cloud
forest formation. See the online edition for a color version of this figure.
11/05/21 17:54rnational
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hawaiian biogeography

The patterns of diversification and bioge-
ography in Hawaiʻi generally result from
three distinct phenomena: founding events,
interisland diversification, and escape events.
Understanding these fundamental biogeo-
graphic processes is essential to synthesizing
novel data on the processes generating Ha-
waiian insect diversity.
Arriving in the Hawaiian Archipelago
It is clear that not all species can reachHa-

waiʻi, become established, and subsequently
persist and diversify. TheHawaiianflora and
fauna are disharmonic relative to continental
land masses, that is, lacking representatives
found on surrounding continental regions
(Gillespie and Roderick 2002). This pattern
may be due to a number of factors including
vagility, desiccation resistance, geographic and
host range, generation time, or simply chance.
Molecular phylogenetic studies demonstrate
that the vast majority of all animal and plant
genera native to Hawaiʻi are the products of
single, ancient colonization events (Wagner
et al. 1999; Liebherr 2001). Humans first ar-
rived in Hawaiʻi approximately 1000 years ago
(Kirch 2000, 2011; Athens et al. 2014; Crowe
2018) and the diversity and evolution of plants
and animals that have been introduced by hu-
mans since that time show distinctly different
patterns.
Sources
The endemic Hawaiian biota has been as-

sembled via colonization from a wide variety
of source populations across the Pacific Ba-
sin, including other Pacific islands, tropical
Asia, Australasia (Australia andNewZealand),
EastAsia,NorthAmerica, and theNeotropics,
as well as possibly Africa (Zimmerman 1948a;
Carlquist 1970;Wagner and Funk 1995; Cowie
and Holland 2006; Sakai et al. 2006; Price and
Wagner 2018). Early authors thought that as
much as 90–95% of the Hawaiian insect fauna
is of western Pacific origin (Zimmerman1948a;
Carlquist 1970). This category encompasses
all lineages that are ultimately of Asian or
Australasian origin, many of whichmay have
9090.proof.3d 252 Achorn Inte
colonizedHawaiʻi indirectly via themany ar-
chipelagos to the west and south of Hawaiʻi
inMicronesia, Polynesia, Fiji, or other Pacific
islandgroups.ThepaucityofAmerican (east-
ern Pacific) taxa usually is attributed to the
extremely low density of islands betweenHa-
waiʻi and theAmericas.Wenow know at least
one case, in Rhyncogonus weevils, where west-
ern Pacific islands have served as stepping
stones for colonizing insects (Claridge et al.
2017) and some data suggest other cases as
well (long-legged flies and craneflies; Good-
man andO’Grady 2013; Goodman et al. 2014).

Our understanding of source areas for the
Hawaiian insect fauna remains much less
clear than for vascular plants and birds (Co-
wie and Holland 2006; Price and Wagner
2018). One major reason for the discrep-
ancy is that it is challenging to perform suffi-
cient outgroup sampling around the entire
Pacific Basin for many Hawaiian insect radi-
ations, especially since the entomofaunas of
those source areas are often incompletely
known. Even with extensive outgroup sam-
pling, extinction and the age of some older
Hawaiian radiations renders the identifica-
tion of their source areas challenging (Stalker
1972; Jordan et al. 2003; Wahlberg and Ru-
binoff 2011; Haines et al. 2014; Johns et al.
2018; Rubinoff et al. 2021). Consequently,
identification of origins for theHawaiian insect
fauna remains a major challenge, although
increasingopportunities forcollaborationbe-
tween Pacific Rim biologists offers hope for
more extensive sampling.
Methods of Dispersal
The native (endemic and indigenous)Ha-

waiian terrestrial biota has assembled via three
primary dispersalmechanisms: wind (includ-
ing powered flight), attachment to birds or
largeflighted insects (externally or internally),
or by drifting in seawater (Zimmerman1948a;
Carlquist 1970). A large fraction of Hawaiian
endemic insects likely arrived via wind dis-
persal (Zimmerman 1942, 1948a; Carlquist
1970), as is considered to be common in in-
sects and other organisms on other archipel-
agos (Peck 1994; Gillespie et al. 2012). This
conclusion is based both on the small body
size of many Hawaiian insects, as well as a
11/05/21 17:54rnational
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spectacular series of studies conducted by
the Bishop Museum in Honolulu from 1957–
1970, during which nets and traps were towed
behind ships and aircraft to sample arthro-
pods in the air column (0–2500 m) over the
Pacific (Gressitt and Nakata 1957; Yoshimoto
and Gressitt 1959, 1960, 1961, 1963; Holza-
pfel et al. 1978). These studies collected a
wide variety of insects up to several thousands
of kilometers from land. Tropical stormsmay
further aid wind dispersal of insects, both
through wind currents and increased humid-
ity (Zimmerman 1942, 1948a;Holzapfel et al.
1978). Some large-bodiedHawaiian endemic
insects (e.g., dragonflies, butterflies), which
are strong fliers, belong to groups that are
migratory on continents (Carlquist 1970). Ad-
ditionally, Zimmerman (1948a) points out
that insects may have dispersed via attach-
ment to birds or large flighted insects (either
passively or actively), or floating on uprooted
trees or rafts of vegetation. Insects, especially
flightless ones, may also have been trans-
ported between islands via giant landslides in
which tracts of forest fell into the ocean
and drifted to neighboring islands (Moore
et al. 1989, 1994). For some groups, more
than one of these dispersal methods is prob-
able, and it can be difficult to distinguish
among them using contemporary data. For
instance, many small-bodied phytophagous
insects could plausibly be dispersed either
as larvae via vegetation rafts or as adults via
wind.
Patterns of Diversification in Hawaiʻi
Once lineages colonize the Hawaiian ar-

chipelago, they are able to either back colonize
older islands or to forward colonize younger
ones as they form. Here, the MacArthur and
Wilson (1967) rules of distance from source
and island area seem to determine coloniza-
tion frequency and success, along with eco-
logical and morphological traits. Hawaiian
taxa show varying levels of endemism, ranging
from broadly distributed on all of the islands
to narrowly distributed single volcano endem-
ics. Similar geologic dynamics occur in other
oceanic archipelagos, with broadly similar ef-
fects on biodiversity dynamics ( Juan et al.
2000; Parent et al. 2008; Whittaker et al. 2008;
9090.proof.3d 253 Achorn Inte
Valente et al. 2014; Hembry 2018). The Ha-
waiian archipelago thus introduces unparal-
leled opportunities to study the geographical
scales over which different factors are and are
not relevant to evolutionary diversification.

Weather events have the potential to influ-
ence colonization withinHawaiʻi, particularly
in flightless or weakly flying insect lineages.
Interestingly, the most consistent wind pat-
terns are not expected to aid dispersal within
the archipelago. The prevailing trade winds
blow from thenortheast,meaning that species
caught up in them are usually blown out to
sea, rather than to another island, with the ex-
ception of Lānaʻi ( Jones and Jordan 2015).
Konawinds blowbackwardup the chain, from
the southeast to northwest and may account
for back colonization of small-bodied insects.
Kona storms, a different phenomenon from
more typical Kona winds, originate in the
southwest, bringing rain to the leeward slopes
of the islands. Kona storms are unlikely to re-
sult in transfer of species from island to island
because, in general, they push insects out to
sea. However, hurricanes and large winter
stormsmay trackupor down the archipelago,
either from older to younger islands or vice
versa, generating distinct biogeographic pat-
terns of progression or back dispersal. These
rare, large-impact events may be responsible
for some of the biogeographic patterns we
see within the Hawaiian Islands.

Extinction also has an impact on biogeo-
graphic patterns observed in various Hawai-
ian lineages. Unfortunately, fossilization on
newly emerged volcanic islands is quite rare.
The oldest subfossils known from theHawai-
ian Islands are from Makauwahi Cave on
Kauaʻi and date to the late Holocene (Lie-
bherr and Porch 2015), placing the fossil re-
cord in Hawaiʻi on the scale of thousands to
tens of thousands of years. This is useful when
trying to understand prehuman communi-
ties, but it is not useful for investigating older
divergences on the scale considered in this
review. We can infer that extinctions must
have taken place as available net island area
has periodically declined throughout the ar-
chipelago. This was evident during the period
5–7 Ma, just prior to the formation of Kauaʻi,
which was characterized by the elimination
of habitats over 1000 m in elevation and is
11/05/21 17:54rnational
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thought to have caused the extinction of
nearly all of the Hawaiian flora—and proba-
bly many of its associated insects (Price and
Clague 2002). Nonetheless, we have very lit-
tle information about extinction rates and
events during the pre-Holocene history of
the archipelago. Therefore, phylogenies of
all Hawaiian lineages should be interpreted
with the caveat that modern sampling does
not represent the species diversity of the re-
9090.proof.3d 254 Achorn Inte
cent past, and any inferred biogeographic
patterns may be obscured by missing taxa.

Recognizing that the real histories of dis-
persal and speciation of Hawaiian endemic
clades vary, Wagner and Funk (1995) classi-
fied potential biogeographic scenarios into
nine basic and combined patterns, four of
which we consider to be primary (progres-
sion rule, within-island radiation, stochastic
colonization, and back dispersal; Figure 2;
Figure 2. Four Primary Biogeographic Patterns for Hawaiian Radiations Proposed By Funk and

Wagner (1995)

a. Progression rule is a pattern in which recently diverged lineages are found on younger islands, and earlier
diverging lineages are found on older islands. This type of pattern might be expected from a hot spot archipelago
where younger islands are colonized by taxa from nearby older islands (Carson and Clague 1995). Rare storm
events may also drive the progression rule pattern because they often move down the island chain perpendicular
to both the trade and Kona winds. b. Stochastic patterns, in which island colonization is unrelated to the relative
ages of the islands, may be seen in taxa that are highly vagile or that have very recently colonizedHawaiʻi (Funk and
Wagner 1995). c. Back dispersal, in which older islands are colonized by taxa from younger islands, may be driven
by storm events. d. Within-island radiations may be driven allopatric speciation across multiple volcanic peaks
within a single island, such as the Big Island of Hawaiʻi or Maui. They may also be potentially driven by isolation
in different valleys or watersheds, by ecological heterogeneity of food resources, or by specialization onto different
host plants (for phytophagous insects) or host insects (for parasitoids).
11/05/21 17:54rnational



EVOLUTION AND RADIATION OF HAWAIIAN INSECTSDecember 2021 255
Table 1). We consider the remaining five
patterns to either be special cases of the four
primary types or to reflect the inherent lim-
itations of phylogenetic inference (“un-
resolved”). Here, we summarize the four
primary patterns and scenarios expected to
produce them.
Progression Rule
The progression rule (Figure 2a) is a step-

ping stone pattern observed in a number of
9090.proof.3d 255 Achorn Inte
lineages in Hawaiʻi, as well as in other hot-
spot oceanic archipelagos ( Juan et al. 2000;
Parent et al. 2008; Hembry 2018). The pro-
gression rule differs froma standard stepping
stonemodel because it takes divergence time
into account; recently diverged lineages are
foundon younger islands, andmore anciently
diverging lineages are found on older islands.
This pattern might be expected in a hotspot
archipelago where younger islands are colo-
nized from nearby older islands. It is difficult
to overstate the importanceof theprogression
TABLE 1
Biogeographic patterns seen in selected Hawaiian insect radiations, according to the four primary

biogeographic patterns identified by Funk and Wagner (1995) and shown in Figure 4

Clade Patterns

Progression Radiation Stochastic
Back

dispersal Reference(s) Notes

Megalagrion Yes Yes Perhaps Perhaps Jordan et al. (2003) Back dispersal and stochastic
hard to distinguish

Laupala Yes Yes No No Mendelson and Shaw
(2005)

Banza Yes Yes Yes Yes Shapiro et al. (2006)
Nesophrosyne Yes Yes Yes Yes Bennett and O’Grady

(2012, 2013)
Pariaconus Yes Yes No No Percy (2017b) mtDNA data
Swezeyana No Yes Yes Perhaps Percy (2018) mtDNA data
Ptycta Yes Yes Yes Probably

not
Bess et al. (2014) Dating analyses make

assessment difficult
Rhyncogonus Yes Yes Yes No Claridge et al. (2017) Very few species in

Hawaiian radiation sampled
Xyleborus Perhaps Yes Yes Perhaps Cognato et al. (2018) Very few species in

Hawaiian radiation sampled
Philodoria Yes Yes Yes Perhaps Johns et al. (2018) Back dispersal and stochastic

hard to distinguish
Hyposmocoma Yes Yes Yes Perhaps Haines et al. (2014) Back dispersal and stochastic

hard to distinguish
Tephritidae Partial Yes Yes Yes Viale et al. (2015)
Drosophila +

Scaptomyza
Yes Yes Yes Yes Bonacum et al. (2005);

Lapoint et al. (2011,
2013, 2014); O’Grady
et al. (2011); Magnacca
and Price (2015);
O’Grady and DeSalle
(2018a)

This is a large radiation,
with various lineages
showing some or all of
these patterns

Campsicnemus Yes Yes Perhaps Perhaps Goodman et al. (2014) Back dispersal and stochastic
hard to distinguish, but few
putative examples of either

Eurynogaster
complex

Yes Yes Yes Probably
not

Goodman et al. (2016)

Dicranomyia No No Yes Perhaps Goodman and O’Grady
(2013)

Back colonization seems likely
but is not clearly demonstrated
r
national
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rule as an animating hypothesis in the study of
the evolution of the Hawaiian biota.

Progression rule patterns can be thought
of as strict or relaxed. A strict progression
rule would include taxa present on all of the
islands. A relaxed progression rule would still
show the older-to-younger lineage pattern, but
would skip some islands. This might be due to
extinction, poor taxon sampling, or because
the lineage never actually established on the
intervening islands. Large stormevents, gener-
ating scouring floods with floating vegetation
and/or strong winds, occasionally move down
the island chain perpendicular to both the
trade andKonawindsandmay drive a progres-
sion rule pattern.
Stochastic Patterns
In contrast to the progression rule, stochas-

tic patterns (Figure 2b) show no relationship
with relative island ages and the phylogenetic
relationships of taxa on different islands. Funk
and Wagner (1995) provide several possible
explanations for stochasticbiogeographicpat-
terns inHawaiʻi: (a) the taxon is highly vagile,
so that dispersal distances are much greater
than typical adjacent interisland distances;
(b) the taxon has very recently colonized Ha-
waiʻi andhasnotdiversified;or (c) in this taxon,
the colonization and speciationhistory truly is
independent with respect to geologic history.
Both (a) and (b) can be considered special
cases of (c). When examining the phylogeo-
graphy of island organisms, the null hypothe-
sis that a clade’s history of diversification is
unrelated to the geologic sequence of island
formation should be considered.
Back Dispersal
Some lineages may also disperse from

younger to older islands. It is thought that
storm events may be primarily responsible
for such back-dispersal events (Figure 2c), al-
though attachment to birds or floating debris
may also be responsible. Back dispersal may
be rare relative to progression rule patterns
due to the fact that closely related taxamay al-
ready exist on the older islands and any “new”
arrival will either hybridize or be outcompeted
by their sister taxon. However, if enough time
9090.proof.3d 256 Achorn Inte
has passed and reproductive isolation and/or
ecological differentiation exists, back colonists
may be successful and maintained as distinct
entities (Lapoint et al. 2011).
Within-Island Radiation
Species may diversify on a single island,

particularly if they are narrow geographic
or habitat endemics or if they display tight as-
sociations with specific host plants. Large is-
lands comprised of multiple volcanic peaks,
such as the Big Island of Hawaiʻi, may con-
tain enough geographic isolation to generate
sibling species on different peaks (Bennett
and O’Grady 2013; Haines et al. 2014). Like-
wise, ecological heterogeneity for feeding
and/or oviposition substrate can drive a sim-
ilar pattern of isolation by distancewithin the
same island. Such within-island radiation
(Figure 2d) is a major process underlying
adaptive radiations and the diversification of
themost species-rich Hawaiian insect clades.
Specific hypotheses relating to timing of
volcanic emergence, trade and Kona winds,
and host plant dispersal may be generated for
such events, although these have not been
explicitly tested in most groups (but see Jor-
dan et al. 2003; Bennett and O’Grady 2013).
Large radiationsmay be generated by one or
more bursts of ecologically driven within-
island radiation on an older island followed
by progression rule dispersal of each lineage
onto succeeding islands, as seen in Hawaiian
Drosophila (Magnacca and Price 2015).
Maui Nui Patterns
The islands ofMaui, Molokaʻi, Lānaʻi, and

Kahoʻolawe, often referred to asMaui Nui or
“greater Maui,” were contiguous at several
periods of glacialmaxima (i.e., low sea stands)
during the Pleistocene (Price and Elliott-Fisk
2004). The islands of Maui Nui often share
species (Liebherr 1997; Jordan et al. 2005;
O’Grady et al. 2011), even in lineages that
are characterized by a high degree of single-
island endemism because dispersal was fa-
cilitated by past connections between the
volcanoes of Lānaʻi, East and West Maui,
Molokaʻi, and Kahoʻolawe. This pattern of
vicariance is similar to within-island dispersal
11/05/21 17:54rnational
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patterns, only spread across the closely asso-
ciated Maui Nui islands. Distinguishing the
effects of erosion and subsidence from over-
water dispersal in the biogeography of Maui
Nui taxa is challenging.
Ecological Shifts
Island lineages oftenevolve ecological niche

shifts in situ, some of which rank among the
most celebrated examples of evolution (Lack
1947;Carlquist 1974; Losos 2009). Like the ra-
diations of Galápagos finches, West Indian
anoles, and Hawaiian silverswords, Hawaiian
insect radiations are also replete with exam-
ples of ecological or niche shifts. These in-
clude habitat shifts in elevation (ground
beetles [Coleoptera: Carabidae: Blackburnia,
Mecyclothorax], leafhoppers [Hemiptera: Cica-
dellidae:Nesophrosyne], andplanthoppers [He-
miptera: Delphacidae: Nesosydne]) to dwelling
in lava tube caves (ground beetles [Blackbur-
nia and Mecyclothorax], assassin bugs [Hemip-
tera: Reduviidae], water treaders [Hemiptera:
Mesoveliidae],planthoppers [Hemiptera:Cixii-
dae:Oliarus], andcrickets [Gryllidae:Thaumato-
gryllus, Caconemobius]) from aquatic or riparian
habitat to terrestrial habitat (the Hawaiian en-
demic damselflies [Odonata: Coenagrionidae:
Megalagrion], shore bugs [Hemiptera: Saldi-
dae], and water-scavenging beetles [Coleop-
tera: Hydrophilidae:Limnoxenus]), and from
terrestrial to aquatic habitats inHyposmocoma
moths (Lepidoptera: Cosmopterigidae) and
Blackburnia carabid beetles; shifts among
host plant species and families (beetles [Co-
leoptera: Belidae, Proterhinus, Cerambycidae:
Plagithmysis], flies [Diptera: Drosophilidae:
Drosophila], plant bugs [Hemiptera: Miridae:
Orthotylus],Nesophrosyne leafhoppers,Nesosydne
planthoppers, and moths [Lepidoptera: Gra-
cillariidae: Philodoria, Carposinidae:Carposina]),
including shifts between angiosperm and
fern hosts in Proterhinus weevils, shifts to plants
introduced by humans inOmiodesmoths (Lep-
idoptera: Crambidae), and shifts to novel Ha-
waiian host plants in the colonizing ancestors
of the psyllid generaMegatrioza and Pariaconus
(Hemiptera: Psyllidae); shifts in host-plant tis-
sue use, including the acquisition of galling in
tephritidflies (Diptera: Tephritidae) and the
leaf-mining habit in Proterhinusweevils; shifts
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fromdetritivory or herbivory tocarnivory in the
larvae of themoth generaHyposmocoma, Agro-
tis (Lepidoptera: Noctuidae), and Eupithecia
(Lepidoptera: Geometridae); the acquisition
of the water-skating habit in Campsicnemus
flies (Diptera:Dolichopodidae); andwing re-
duction leading to the loss of flightedness
in Limnoxenus beetles and the ability tomake
sounds in the cricket generaThaumatogryllus
andLeptogryllus (Orthoptera:Gryllidae).Many
of these examples are discussed in greater de-
tail in the overviews of different insect orders
(below).

A handful of endemic Hawaiian insect ra-
diations may have evolved niche shifts that
are compatible with the influential taxon cy-
cle hypothesis in island biogeography, which
proposes that species’ ranges undergo cycli-
cal expansions and contractions associated
withecological shifts (Wilson1959, 1961;Rick-
lefs and Bermingham 2002; Economo and
Sarnat 2012). The original formulation of the
taxon cycle, based on Melanesian ants, is a
complex verbal model containing a number
of interrelated components (Wilson 1959,
1961). One of these components is the prop-
osition that taxa shift over evolutionary time
from variable, lower-elevation habitat to sta-
ble, higher-elevation habitats, while under-
going declines in abundance (Wilson 1959,
1961; Economo and Sarnat 2012). It is this el-
ement of the taxon cycle that ismost relevant
to the Hawaiian entomofauna, although it
has not been explicitly tested in Hawaiian
insects using molecular phylogenetic data.
Liebherr and Porch (2015) use morphology-
based phylogenetic analyses incorporating
extinct subfossil and extant taxa to demon-
strate that Blackburnia ground beetles have
not evolved from low to high elevation habi-
tats on Kauaʻi. In contrast, both ephydrid and
canacid flies display a phylogenetic pattern
of basal, strand-associated, salt-tolerant taxa
at low elevations and derived taxa occupying
high-elevation freshwater streams (O’Grady
et al., unpublished data). In these fly radia-
tions, many of the low-elevation coastal spe-
cies are widespread, and the high-elevation
species are single-island or single-mountain
endemics. Such a pattern, analogous to some
seen in other coastal and aquatic Hawaiian
insect groups, may be consistent with this
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Plate 1. Images of Some Endemic Hawaiian Insects

A. Mecyclothorax rex (Carabidae), Koʻolau Forest Reserve, Haleakalā, Maui; B. Rhycogonus zeta (Curculionidae),
ex: Freycinetia axil, Maunalei Arboretum, West Maui, Maui; C. Drosophila substenoptera (Drosophilidae), Palikū,
Oʻahu; D. Scaptomyza cyrtandrae (Drosophilidae), Stainback Highway, Hawaiʻi; E. Hylaeus longiceps (Colletidae),
Kahuku, Oʻahu; F. Sierola weawea (Bethylidae), Kaluaʻa, Oʻahu; G. Drosophila neogrimshawi (Drosophilidae),
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second component of the taxon cycle hypo-
thesis. This phenomenonmight also explain
thepresenceof narrow endemics of some lin-
eages (e.g., Megalagrion damselflies) in high-
elevation bog habitats.
Leaving Hawaiʻi
Although species that colonize remote is-

lands may evolve into hyperdiverse lineages,
oceanic islands are often considered a “dead
end” to colonizing lineages and thus species
diversity (Mayr 1942; Wilson 1961; Diamond
1970). Island-adapted taxa are generally poor
dispersers (Darwin 1859) and, as an island
erodes and submerges, many endemic taxa
go extinct, eliminating entire lineages. It is
often difficult for island species to compete
with more robust taxa introduced from con-
tinental sources (Gillespie andRoderick 2002)
because island endemics have often lost key
defensive traits (e.g., thornlessHawaiian rasp-
berries and mintless Hawaiian mints), have
reduced dispersal abilities (e.g., flightless
craneflies and moths), or have evolved be-
haviors that make them less able to escape
predation (Carlquist 1974).

This “dead end” idea has been reinforced
by the relative difficulty in determining spe-
cific sister group relationships of many en-
demic Hawaiian lineages. For example, the
sister taxon of the Hawaiian Drosophilidae
is possibly a large clade of species distributed
throughout the Holarctic, Neotropical, and
Paleotropical regions, although statistical
support for this relationship is not particu-
larly strong (RemsenandDeSalle 1998;Rem-
sen andO’Grady 2002; O’Grady andDeSalle
2008, 2018a,b). This phylogenetic ambiguity
is likely due to a combination of factors in-
cluding the rapid burst of diversification that
took place at the base of the genusDrosophila
approximately 30million years ago, the large
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divergence time within this genus, and the
great degree of evolutionary change along
both lineages (Russo et al. 1995, 2013).

Modernphylogenetic studiesareoverturn-
ing much of the dogma against colonization
of continental landmasses by island lineages
(Heaney 2007; Bellemain and Ricklefs 2008).
Several studies have extensively sampled taxa
from both island and continental lineages
and included sufficient molecular data to re-
solve deep divergences with statistical power.
Anumber ofHawaiian groups are nowknown
to have successfully colonized other remote
archipelagos or even continents, including
HawaiianDrosophilidae(O’GradyandDeSalle
2008; O’Grady et al. 2011; Lapoint et al.
2013), sandalwoods (Harbaugh and Baldwin
2007),Melicope (Appelhans et al. 2014, 2018),
snails (Rundell et al. 2004), potentially other
plant groups (Price and Wagner 2018), and
possibly even birds (Filardi and Moyle 2005).
There is ample evidence of biotic exchange
between remote archipelagos across the Pa-
cific and Indian Oceans (Cibois et al. 2011;
Hembry et al. 2013; Le Roux et al. 2014; An-
dersen et al. 2015), suggesting that the
Hawaiian Islands are more likely part of a
broader global exchange of species than a
turgid backwater.
the endemic hawaiian insect fauna

ManyHawaiian insect lineages are consid-
ered examples of adaptive radiation (Kamby-
sellis et al. 1995; Craddock 2000; Gillespie
andRoderick 2002).HHere, we provide over-
views of Hawaiian diversity within the most
species-rich insect orders (Coleoptera, Dip-
tera,Hemiptera,Hymenoptera, Lepidoptera,
Odonata, and Orthoptera). Our goal is to
draw attention to particular species-rich or
evolutionarily interesting taxa,many of which
have radiated withinHawaiʻi (Plates 1 and 2).
Mt. Kaʻala, Oʻahu; H. undescribed Pararrhaptica sp. (Tortricidae), ex: Myrsine sandwicensis (kōlea lau liʻi ),
Mt. Kaʻala, Oʻahu; I. unidentified Spheterista sp., ex: Polyscias (Tetraplasandra) oahuensis (ʻohe mauka), Koʻolau Moun-
tains, Oʻahu; J. Oliarus sp. (Cixiidae), ʻŌlaʻa Forest, Hawaiʻi; K. Nesophrosyne sp. (Cicadellidae), Palikea, Oʻahu; L.
Hyposmocoma molluscivora (Cosmopterygidae), ex: Tornetellides sp., Maui; .M. Orthotylus neoilicis (Miridae), Stain-
back Highway, Hawaiʻi; N. Nesosydne pipturi (Delphacidae), Palikea, Oʻahu. Photo credits: James Liebherr
(A, B); Kyhl Austin (H, I); Karl Magnacca (C–G, J–K, M–N); Rubinoff Laboratory (L). See the online edition
for a color version of this plate.
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Plate 2. Images of Additional Endemic Hawaiian Insects

A. Montage of various Hyposmocoma larval case structures (Cosmopterygidae). Each case represents not just a
unique species, but lineage of species, each endemic to a single volcano; B. Pariaconus crassiocalix (Triozidae;
inset) with cup galls on Metrosideros polymorpha, Nuʻalolo Trail, Kauaʻi; C. Pariaconus ohiacola (inset) with leaf galls
on Metrosideros polymorpha, Oʻahu; D. Banza sp. (Tettigoniidae); E. Prognathogryllus mauka (Gryllidae); F. Mega-
lagrion calliphya (Coenagrionidae); G. Laupala sp. (Gryllidae), Kaluaʻa, Oʻahu. Photo credits: Rubinoff Labora-
tory (A); Diana Percy (B, C); Kerry Shaw (D, E); Idelle Cooper (F); Karl Magnacca (G). See the online edition
for a color version of this plate.
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We highlight what is known about the evolu-
tion and biogeography of those radiations
that have receivedphylogenetic or taxonomic
attention; the biogeography, speciation, and
macroevolution of these groups will be fur-
ther synthesized in the Discussion section be-
low. Finally, we hope these overviews inspire
future work on many poorly known yet inter-
esting Hawaiian insect radiations that have
not received recent attention from biologists.
Coleoptera
Coleoptera are the most diverse order of

insects in the Hawaiian entomofauna, with
roughly 25% (1559) of the 5618 described
native Hawaiian insect species placed in this
order (Eldredge andEvenhuis 2003).Hawai-
ian Coleoptera are dominated taxonomically
by four major radiations, each comprising
more than 100 described species (Liebherr
2001, 2015). These include two phytopha-
gous genera, Proterhinus weevils (Belidae) and
Plagithmysus longhorned beetles (Cerambyci-
dae), and twogenera of predaceousCarabidae,
Blackburnia andMecyclothorax. Interestingly, the
beetle clades Carabidae, Cerambycidae, and
Curculionoidea (weevils) are among themost
species-rich beetle clades on continents. Of
these, Blackburnia and Mecyclothorax, as well
as several less diverse radiations (Rhyncogo-
nus,Limnoxenus,Bembidion, andXyleborus), have
received molecular phylogenetic attention,
thereby adding to our understanding of how
and when beetles colonized Hawaiʻi, as well
the various evolutionary bases underlyingbee-
tle diversification (Liebherr 2001).
Blackburnia
This radiation of moderately sized cara-

bid beetles comprises 140 described species
(Liebherr and Porch 2015). Blackburnia are
predaceous as adults and larvae (Liebherr
2000),with species radiatingecologicallywithin
many life zones and terrestrial habitats, me-
sic and wet forests, subalpine and alpine
shrublands, riparian and aquatic microhab-
itats, and caves (Gagné and Cuddihy 1990;
Liebherr and Samuelson 1992; Krushelnycky
et al. 2005; Liebherr and Short 2006). Some
species show fidelity to different plant associ-
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ations within montane forests, with various
species restricted to Acacia koa-dominated
forest (Polhemus et al. 2003). Nearly all spe-
cies occupy single islands, although four spe-
cies range across the now-isolated volcanoes
that formed Maui Nui (Liebherr and Zim-
merman 2000).

Morphological phylogenetic analysis indi-
cates that the Blackburnia radiation is mono-
phyletic (Liebherr and Zimmerman 1998),
with the Australian genusNotagonum (Liebherr
2005, 2017) the best supported outgroupbased
on Notagonum and Blackburnia being mutual
members of a clade characterized by mo-
norchy; i.e., presence of only a single male
testis (Will et al. 2005). Via morphological
and multilocus phylogenetic analysis, Cryan
et al. (2001) corroboratedmonophyly ofma-
jor lineages within Blackburnia and resolved
many species triplets occupying Molokaʻi,
West Maui, and Haleakalā, the former wind-
ward faces of Maui Nui (Liebherr 1997).
Based on either outgroup, Blackburnia colo-
nized Hawaiʻi from Australia via aerial dis-
persal, with arrival time hypothesized to be
28–30 Ma based on phylogenetic relation-
ships amongPacificplatynine taxa constrained
by agesof their occupied islands (Liebherr and
Zimmerman 1998; Liebherr 2005, 2017).
Mecyclothorax
Mecyclothorax is another large radiation,

with at least 239 described species endemic
toHawaiʻi. AllHawaiianMecyclothorax species
lack flight wings, although the generalized
M. montivagus, proposed to be the sister taxon
to the rest of the Hawaiian radiation, retains
brachypterous wing stubs. This vestigial trait
suggests that, like Blackburnia, colonization
was by a winged ancestor that evolved to oc-
cupy a diversity of habitats. Close relatives
toHawaiianMecyclothorax includethegeograph-
ically widespread, ecologically abundant, ma-
cropterous, Australian M. punctipennis, the
brachypterousM. sculptopunctatus isolated on
St. Paul andAmsterdam Islands of the Indian
Ocean, the single macropterous New Zea-
land species M. rotundicollis, the Australian
species M. ambiguus, and 108 brachypterous
to apterous Society IslandMecyclothorax (Lieb-
herr 2012, 2013, 2018).
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Unlike the other major beetle radiations,
which show a progression of colonization
from older to younger islands, Mecyclothorax
first colonized Maui Nui, where at least 189
described species are now endemic. Themost
diverseMecyclothorax fauna is found in Hale-
akalā, with representation by 14 of 16 species
groups recognized for the Hawaiian fauna.
Oʻahu exhibits an attenuated fauna repre-
senting only four species groups character-
ized by derived patterns of setation (Liebherr
2009), and Kauaʻi lacks any species at all.
From initial occupation of subalpine mesic
shrublands on Haleakalā, a community type
shared with its Australian ancestor (Liebherr
2018), species have evolved to occupy low-
land tomontanemesic andwet forests, alpine
shrublands, and lava tube caves on the Big
Island (Liebherr 2008a). The 189 described
species that occupyMauiNui display impressive
levels of sympatry, with asmany as 39 species re-
corded from a 30 cm × 30 cm quadrangle
(Liebherr 2015), and occupy many different
microhabitats (streamside riparian, terrestrial,
and arboreal epiphytes or bark substrates).
Closely related species are allopatrically distrib-
uted on different slopes of various Maui Nui
volcanoes (Liebherr 2006), as well as strati-
graphically isolated in lowland, montane,
and subalpine habitats.
Rhyncogonus
The large, flightless Rhyncogonus weevils

(Curculionidae) constitute a signature radi-
ation within Hawaiʻi and across the Pacific
(Claridge et al. 2017). Their large size and
low intrinsic vagility belie their broad distri-
butional range that incorporates remote ar-
chipelagos fromHawaiʻi southward through
the Wake and the Line Islands, and extend-
ing throughout French Polynesia to Rapa Iti
in the Australs and Henderson Island in the
Pitcairns. Hawaiian Rhyncogonus number
47 species (Samuelson 2003), with most spe-
cies endemic to Kauaʻi (14 spp.) or Oʻahu
(21 spp.). Single species are found on the
Northwest Islands of Laysan, Necker, and
Nihoa (Clague and Dalrymple 1989). Rhyn-
cogonus weevils are known to be root feeders
as larvae, but host associations remain poorly
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known. The females of Oʻahu’s R. blackburni
lay clusters of eggs on the bases of Acacia koa
phyllodes that the femalesmay glue together
(Giffard 1907). Upon hatching, larvae drop
to the soil where they feed on the roots. Yet
R. blackburni adults have also been recorded
feeding on Elaeocarpus and Scaevola leaves;
whether these represent larval hosts remains
unknown (Samuelson 2003). Based on a four-
gene data set, Hawaiian Rhyncogonus are mo-
nophyletic, with the colonizing propagule
emanating from the Society Islands 5.7–9.0 Ma,
a time of origin consistent with Rhyncogonus
occupation of Necker and Nihoa (Claridge
et al. 2017).
Bembidion
A third major carabid beetle radiation

comprises 23 Bembidion species (Liebherr
2008b) representing two colonization events.
Themore diverse portion of this fauna consti-
tutes 21 species of subgenus Nesocidium, with
this lineage colonizingHawaiʻi fromNewZea-
land (Liebherr and Maddison 2013). Bembi-
dion are most diverse on Kauaʻi (13 species),
then Oʻahu and Maui Nui (nine species
each), with only two species known fromHa-
waiʻi Island (Liebherr 2008b), and thus their
diversity profile complements the Maui Nui-
centric distributional profile ofMecyclothorax.
Limnoxenus
The Hawaiian hydrophilid beetle fauna

comprises seven species of Limnoxenus (Short
andLiebherr 2007), a genus otherwise includ-
ing species fromEurope, SouthAmerica, Aus-
tralia,NewZealand, andNewCaledonia (Short
et al. 2017;Toussaint andShort 2017). FourHa-
waiian Limnoxenus have evolved from a fully
aquatic lifestyle to occupy either hygropetric
substrates adjacent to streams or to a fully ter-
restrial habitat with both larvae and adults
occupying arboreal epiphyticmossmats (Short
andLiebherr 2007).HawaiianLimnoxenushave
also undergone flight-wing reduction, with
only one fully aquatic species polymorphi-
cally exhibiting fully functional flight wings.
Other characters of body shape, systematic
setose dorsal punctures, and tarsal setation
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transformed congruently with the ecologi-
cal shift away from water.
Xyleborus
Xyleborus ambrosia beetles (Curculionidae:

Scolytinae) are represented by 21 native, pre-
cinctiveHawaiian species, 18 of these based on
female beetles and three exclusively by males
(Samuelson 1981). Xyleborus has achieved a
pantropical distribution since its origin 20 Ma
(Cognato et al. 2018), with six nonnative spe-
cies complementing the native fauna.Xyleborus
are haplodiploid, with diploid, mated females
establishing a new colony after mating with
their haploid brothers. The founding female
carries the ambrosia fungus, inoculating her
tunnels to provide fungal nutrition for her-
self, her larvae, and her subsequently emerg-
ingprogeny.Bothdistributional andhost plant
ranges may be broad; e.g., X. vulcanus is dis-
tributed across all current high islands, while
being recorded from hosts including Perrot-
tetia (Dipentodontaceae), Elaeocarpus (Elae-
ocarpaceae),Acacia koa (Fabaceae), Syzygium
(Myrtaceae), Bobea andMelicope (Rubiaceae),
and Pipturus (Urticaceae; Swezey 1954; Sam-
uelson 1981). Based on a five-gene partition
data set, the native Hawaiian radiation is mo-
nophyletic with Asia as its geographic source
(Cognato et al. 2018). Xyleborus colonized
the Hawaiʻi chain 9.8 Ma—on an island no
younger thanNecker Island—andmust have
colonized progressively to the current high
islands. However, relationships of currently
available species do not support progression
rule patterns of island colonization, with back
dispersal evident among populations of wide-
spread species.

Rapid ʻŌhiʻa Death, caused by the patho-
genic fungus Ceratocystis lukuohia, has recently
become an issue in on the Big Island of Ha-
waiʻi where largediebackshavealtered the tree
communities in many areas. Although ʻōhiʻa
lehua (Metrosideros polymorpha, Myrtaceae) is
not commonly attacked by native Xyleborus,
with only the Big Island endemic X. simillimus
recorded fromMetrosideros (Samuelson 1981),
the nonnative taxon X. ferrugineus does vector
this pathogen to ʻōhiʻa (Roy et al. 2019). Con-
tinued research on both native and intro-
duced Hawaiian Xyleborus is essential, as ʻōhiʻa
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is a keystone tree in many Hawaiian forest for-
mations (Gagné and Cuddihy 1990).
Other Coleoptera
TwomajorHawaiianbeetle radiations,Pro-

terhinus weevils (Curculionidae) and the
longhorned beetle genus Plagithmysus (Ceram-
bycidae), have not yet received molecular
phylogenetic attention. Hawaiian Proterhinus
weevils (Curculionidae) comprise 177 named
species and subspecific forms (Nishida 2002).
The diverseHawaiian fauna is complemented
across its Pacific Island distribution by depau-
peratefaunasinSamoa,theSocietyIslands, the
Marquesas, Enderbury Island, and Mitiʻāro,
Cook Islands (Brown 2019). Proterhinus larvae
feed predominantly under bark or in dead
and dying twigs or larger branches of trees
and subalpine shrubs (Perkins 1913; Swezey
1954), although several Hawaiian species are
leaf miners of Broussasia (Hydrangeaceae)
and eight species feed on dead frond stipes
of Cibotium (Cibotiaceae) or Sadleria (Blech-
naceae) ferns (Perkins 1920;Anderson1941).
Proterhinus beetles have been collected in as-
sociation with 56 native plant genera repre-
senting 34 families (Swezey 1954), with host
plant preferences ranging from monopha-
gous to highly polyphagous (e.g., species
such as P. angustiformis that feed on multiple
host plant families; Swezey 1954).

The longhorn beetle genus Plagithmysus
(Cerambycidae), with 142 Hawaiian species,
is placed within the tribe Clytini. Gressitt
(1978) suggested southern North America
as the geographic source for the Hawaiian
radiation. Plagithmysus exhibits a distinctive
distribution pattern relative tomost otherHa-
waiian insect groups. Although they are dis-
tributed on all high islands plus Nihoa, they
are distinct in that fully 49 of 142 (approxi-
mately35%)namedforms(Nishida2002;Sam-
uelson 2006) are endemic to the youngest
island, Hawaiʻi. Plagithmysus beetles exhibit a
broad range of host plants, including 27 flow-
eringplant families.UnlikeProterhinus, however,
Plagithmysus are more commonly associated
with primarily woody plants, including 23 spe-
cies on Acacia koa and six on Sophora (Faba-
ceae), 10 species associated with Metrosideros,
and twowith Syzygium (Myrtaceae). Although
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Gressitt (1978)proposed thatPlagithmysusex-
hibit progressive colonization of the island
chain, with representatives of various species
groups utilizing the same or related hosts as
each lineage colonized newly emerging is-
lands, contradictions to this pattern are at-
tested (Samuelson and Davis 1986).
Diptera
Phylogenetic relationships anddivergence

dateshavebeen inferred for anumberofdip-
teran groups that have radiated within the
Hawaiian Islands (Nitta and O’Grady 2008;
Lapoint et al. 2011, 2013, 2014; O’Grady
et al. 2011; Goodman and O’Grady 2013;
Goodman et al. 2014, 2016; Viale et al. 2015).
Age of colonization ranges from the oldest
knowngroupofHawaiian taxa, theHawaiian
Drosophilidae at 25million years old, to groups
dating to younger than the age of Kauaʻi at
5 million years. Most Diptera families colo-
nized the Hawaiian Islands a single time, al-
though at least one, theDolichopodidae, has
undergonemultiple colonizationevents (Good-
man et al. 2014, 2016).
Drosophilidae
The Hawaiian Drosophilidae are the old-

est, largest, and perhaps the best studied
lineage of endemic Hawaiian taxa. There
are an estimated 1000 species, found in two
major lineages, the Hawaiian Drosophila and
genus Scaptomyza, each of which is strongly
supported as monophyletic and sister to the
other (Thomas and Hunt 1993; Kambysellis
et al. 1995; Russo et al. 1995, 2013; O’Grady
et al. 2011; Yassin 2013; O’Grady andDeSalle
2018a,b). The Hawaiian Drosophilidae ar-
rived in the archipelago approximately 25 mil-
lion years ago and predate all Hawaiian plant
and animal lineages investigated to date. The
Hawaiian Islands at that time were very low
in elevation (less than 1000 m) and probably
lacked any of the rainforest plants or habitats
that we observe today (Price andClague 2002;
Price andWagner 2018). Campanulaceae are
one of the only plant lineages that predate
Kauaʻi, colonizing the archipelago roughly
16 million years ago (Givnish et al. 2009). Al-
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though this group is an important Hawaiian
Drosophila host plant, the flies evolved in the
Hawaiian Islands for nearly 10 million years
without this resource.

TheHawaiianDrosophilidaehavepersisted
in the islands for 25million years, colonizing
new islands as they emerged and diversifying
within thearchipelago. SeveralHawaiianDro-
sophilidae groups have well-supported phy-
logenetic hypotheses available (reviewed in
O’Grady et al. 2011; O’Grady and DeSalle
2018b). The most common biogeographic
pattern observed is the progression rule, seen
in the antopocerus, modified tarsus, and picture
wing species groups (Bonacum et al. 2005;
Lapoint et al. 2011, 2013, 2014; O’Grady et al.
2011; Magnacca and Price 2015), and in sev-
eral subgenera of Scaptomyza (Lapoint et al.
2013). Lapoint et al. (2011) also observed
a back-colonization pattern in the spoon tar-
sus species group, where taxa moved from
the youngest island of Hawaiʻi to the older
volcanoes of East Maui, West Maui, and Mo-
lokaʻi. Some groups of Hawaiian Drosophila,
such as the haleakalae group, are character-
ized by stochastic pattern ofmovement from
island to island, with little reference to island
age (O’Grady and Zilversmit 2004).

Interestingly, members of the genus Scap-
tomyza seem to have escaped from Hawaiʻi
during approximately the last 15million years
and gone on to colonize several continental
landmasses (O’Grady and DeSalle 2008; La-
point et al. 2013). This island-to-continent
biogeographic pattern is unique among in-
sects, although has been observed in plant
and snail lineages (Rundell et al. 2004; Har-
baugh and Baldwin 2007; Appelhans et al.
2014, 2018).
Tephritidae
Native Hawaiian Tephritidae (true fruit

flies) constitute 25 described species from
three genera: Trupanea andNeotephritis, both
of which are also found outside Hawaiʻi, and
the endemic Phaeogramma (Brown et al. 2006;
Viale et al. 2015). As larvae, these flies are in-
ternal feeders—seed predators inside flower
heads, stem miners, or gallers—of native Ha-
waiian Asteraceae in the silversword alliance,
Bidens, Lipochaeta, and Artemisia (Viale et al.
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2015). Molecular phylogenetic analyses using
mitochondrial loci indicate that Phaeogramma
falls within a paraphyletic Trupanea, and that
this Hawaiʻi-endemic clade is monophyletic
(Brown et al. 2006; Viale et al. 2015). The bio-
geographic history of both Trupanea and
Phaeogramma in Hawaiʻi remains ambiguous
because of short branch lengths and low sup-
port values in backbone nodes of their current
phylogeny. However, molecular phylogenetic
analysis shows that theseflies originally diver-
sified as flower head feeders, before evolving
the galling and stem-mining habits one or
more times (Viale et al. 2015). The bulk of
this diversification has taken place onDubau-
tia, although the apparent sister (with poor
support) to the rest of theHawaiian endemic
clade is a flower head feeder on Artemisia.
Trupanea and Phaeogramma also have extra-
cellularbacterialsymbionts(“Candidatus Stam-
merula trupaneae”) resident in their midgut,
which have codiversified with their hosts, al-
though a few instances of horizontal transmis-
sion, perhaps mediated by shared host plant
substrates, can be identified in the phylogeny
(Viale et al. 2015).
Dolichopodidae
Several endemic lineages ofHawaiian long-

legged flies (Dolichopodidae) appear to have
colonized the archipelago independently of
one another (Goodman et al. 2016). Al-
though there are seven dolichopodid gen-
era present in Hawaiʻi, only four have been
examined in a phylogenetic context. These
lineages are:Campsicnemus, a genusof 183 spe-
cies found bothwithin andoutside ofHawaiʻi;
the Eurynogaster genus complex, a clade of
66 Hawaiian endemics; six Hawaiian species
in the genus Conchopus; and a single Hawai-
ian representative in the genus Thinophilus.
There are also one-to-two species each in the
genera Asyndetus, Hydrophorus, and Paralian-
calus, but there is little we can say about their
relationships without additional data. Based
on phylogenetic analyses (Goodman et al.
2016), there were at least three separate col-
onization events giving rise to the Hawaiian
dolichopodid fauna: one for the Eurynogaster
complex (approximately 12Ma), one inCamp-
sicnemus (4.5 Ma), and one in Conchopus
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(1.8 Ma). Dolichopodidae are generalist
predators, strong fliers, and include many
species that skim on the surface of fresh
and/or brackish water. Together, these eco-
logical characteristics may indicate good
colonizing species and explain the multiple
colonizations of the Hawaiian Islands by this
family. Campsicnemus and Eurynogaster taxa
have both diversified in the Hawaiian Islands
and both genera show support for progres-
sion rule patterns (Goodman et al. 2014).
Within theEurynogastercomplex, island-specific
diversification is also observed, with both
Uropachys (six spp.) and Arciellia (seven spp.)
having multiple species endemic to Kauaʻi
(Goodman et al. 2016).
Limoniidae
Limoniid crane flies are present in a small

radiation of 13 endemic species in the genus
Dicranomyia. Interestingly, this lineage colo-
nized the Hawaiian Islands about 7 million
years ago, prior to the formation of Kauaʻi.
Unlike most other Hawaiian Diptera line-
ages, however, these taxa have a relatively
low percentage of single-island endemic spe-
cies, roughly 30% compared to over 90% for
Drosophilidae and Dolichopodidae. Conse-
quently, crane fly species tend to be broadly
distributedonmore thanone island and show
little evidence of a progression rule pattern
within the Hawaiian Islands (Goodman and
O’Grady 2013). This is perhaps due to the
aquatic and semiaquatic habits that the lar-
vae inhabit and their ability to tolerate brack-
ish and salt water, making dispersal between
islands more likely.
Hemiptera
Heteroptera

The native Hawaiian Heteroptera biota
currently comprises 382 described species,
of which 380 are considered endemic (Zim-
merman 1948b; Nishida 2002). Themajority
of specieswithin this local assemblageare rep-
resentatives of a limited number of speciose
insular radiations, particularly in the families
Miridae, Lygaeidae, andNabidae.Threemirid
genera have 40 or more endemic Hawaiian
species:Orthotylus with 95 species (Polhemus
11/05/21 17:54rnational



266 Volume 96THE QUARTERLY REVIEW OF BIOLOGY
2002, 2004, 2011, 2013),Nesiomiriswith 50 spe-
cies (Gagné 1997), and Sarona with 40 species
(Asquith 1994). In addition, somewhat smaller
insular radiations with at least 20 insular en-
demic species, many undescribed, are pres-
ent in the mirid genera Sulamita, Koanoa,
and Pseudoclerada (Asquith 1997). Three in-
sular endemic radiations are also present in
the lygaeid generaNysiuswith 28 species (some
of these occurring as endemics in the North-
western Hawaiian Islands), Oceanides with
27 species, andNeseiswith 23 species (Usinger
1942;Ashlock 1966; Polhemus 1998, 2002). Fi-
nally, in the family Nabidae the genus Nabis
has an insular radiation containing 25 cur-
rently described endemic species, and an-
other 41 endemics described and figured in
manuscript, and nearing publication in a
pendingmonograph (Polhemus, unpublished
data).

At least 75 percent of the described native
Heteroptera species in the Hawaiian Islands
are the products of only 10 insular radiations
at the genus level. In addition, the islands’
Heteroptera biota is markedly disharmonic,
lacking entire families such as Coreidae, Tin-
gidae, and Corixidae that are species rich in
continental settings, and with only a limited
representation of other such families such
as Reduviidae, Pentatomidae, Gerridae, Velii-
dae,Mesoveliidae, and Saldidae. Among these
latter groups the Hawaiian taxa present often
exhibit significant ecological shifts, including
obligately cavernicolous species of Reduviidae
andMesoveliidae, thepresenceof onlymarine
species in Gerridae, and transition from ripar-
ian to arboreal habitats in Saldidae. Despite
the presence of hundreds of perennial fresh-
water streams, Hawaiʻi also lacks most families
of aquatic and semiaquatic Heteroptera, with
representatives of only four out of the world’s
22 families in this assemblage present. None
of these have undergone significant local radi-
ations in the islands’ inland waters.

With the exception of themorphologically
based phylogeny for Sarona provided by As-
quith (1995), none of the insular Hawaiian
Heteroptera radiations has been analyzed
phylogenetically, using either morphological
or molecular data sets. However, given the
presence of the radiations noted above, cou-
pledwith obligatehostplant feeding relation-
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ships inmany of themirid genera, this group
provides an interesting opportunity for future
research of speciationmodes and in the study
of insect and host plant coevolution. For ex-
ample, Hawaiian members of the genus Or-
thotylus feed on 45 endemic plant species in
19 genera representing 16 families (Polhe-
mus 2013).
Auchenorrhyncha
The endemic plant-sap feeding insects in

the suborder Auchenorrhyncha are among
the most diverse and ubiquitous of the Ha-
waiian insects. Species are found in virtually
every habitat type, across the coastal to sub-
alpine gradient with particular abundance
inmesic and rainforest habitats.Most species
are single-island endemics, showing high lev-
els of host plant specificity, often to a single
endemic plant species or lineage (Zimmer-
man 1948c; Asche 1997; Bennett andO’Grady
2012). Despite their local ubiquity, the ende-
mic Auchenorrhyncha are disproportionately
represented by only a few lineages, including
the family Cicadellidae (leafhoppers) and in-
fraorderFulgoromorpha(planthoppers).Sev-
eral major Auchenorrhyncha lineages are
remarkably absent from the Hawaiian biota,
despite being well represented in continental
systems. These lineages include the spittle-
bugs (Cercopoidea), cicadas (Cicadoidea),
and the relativelydiverse sharpshooter leafhop-
pers (Cicadellidae: Cicadellinae). Interestingly,
these absent groups are generally xylem feed-
ing, whereas the Hawaiian Auchenorrhyncha
are phloem feeders. Xylem is one of the most
nutritionally deficient diets and taxa specializ-
ing on xylem are typically larger and have lon-
ger feeding times, with species consuming
up to 100 times their body mass per hour
(reviewed by Redak et al. 2004). Ecological
behaviors of these insects are further tied
to the daily and seasonal quality of their host
plants; the ability of insects to successfully
feed on xylem declines with plant quality and
health. The absence of xylem feeders in the
endemic Hawaiian insects is likely associated
with their elevated dietary requirements of
abundant and healthy plants—all of which
would be lacking in rafting or aerial dispersal
scenarios.
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Cicadellidae
TheHawaiian cicadellid fauna is strikingly

disharmoniouswithrespect tomainlanddiver-
sity. Only one of the 25 recognized cicadellid
subfamilies, Deltocephalinae, is represented
inHawaiʻi. Furthermore, only a few (e.g.,Ne-
sophrosyne andBalclutha) of theover 900 known
cicadellid genera are present (Zimmerman
1948c). Nesophrosyne is derived from a single
introduction and is among the most diverse
insect radiations, with more than 200 pre-
dicted species, only approximately one-third
of which are currently described (Bennett and
O’Grady 2011, 2013).Balclutha, although com-
monly found across the archipelago, includes
only six described species with more possi-
ble. A comprehensive molecular phylogeny
exists forNesophrosyne (Bennett andO’Grady
2012)andhasrevealedaprofound,andunder-
documented, species diversity. In particular,
genetic data for theNesophrosyne demonstrates
a large number of cryptic species, diagnos-
able with 5–10% genetic diversity at the com-
monly used species marker, mitochondrial
cytochrome-oxidase I (COI) locus. Morpho-
logically indistinguishable species maintain
the same general ecological and host plant
associations, but are restricted to individual
volcanoes and long-isolated forests (Bennett
and O’Grady 2012).
Cixiidae
Only twoof the20recognizedplanthopper

families are represented in Hawaiʻi encom-
passing more than 200 described endemic
species (Asche 1997). The endemic Cixiidae
include two genera of independent origins,
Oliarus and Iolania. A morphological phylog-
eny has been produced for the seven known
species of Iolania (Hoch 2006).Oliarus is con-
siderably more diverse, with a total of 58 de-
scribed species (Zimmerman 1948c; Asche
1997; Hoch 2006). Oliarus includes a num-
ber of cave-adapted taxa. A remarkable sub-
terranean diversity has been found among
isolated cave populations of a troglodytic
Oliarus species (Hoch and Howarth 1999;
Wessel et al. 2013). Wessel et al. (2013)
found evidence of cryptic species, suggesting
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that many more species in this genus are
awaiting description.
Delphacidae
In contrast to other Auchenorryncha

lineages, the Hawaiian Delphacidae fauna
consists of 10 genera with more than 140 de-
scribed species (Asche1997).The total num-
ber of independent arrivals of delphacids is
unclear, but probably fewer than the num-
ber of genera as several were described as
Hawaiian endemics using a limited set of tax-
onomic characters (Asche 1997). The larg-
est delphacid genus, Nesosydne (82 described
species), is perhaps best understood and the
focus of recent speciation work (Goodman
et al. 2012, 2019). Population genetic ap-
proaches suggest that, like Nesophrosyne, Ne-
sosydne species are at the early stages of
divergence along both ecological and geo-
graphic axes (Goodman et al. 2019).
Auchenorrhyncha—General Trends
When considering the Hawaiian Auche-

norrhyncha, it is important to note that com-
parison of raw species numbers provides
little insight into the actual diversity and evo-
lution of these insects. Robust and consistent
systematic treatments are largely lacking.
Some groups, such as the Cixiidae, have been
described to include relatively large numbers
of subspecies, although this practice has not
been used for the leafhoppers or other del-
phacid planthoppers (Zimmerman 1948c;
Asche1997). Speciesdescriptions among these
groups have further received differing levels
of attention and detail, with many species
described using inconsistent and unreliable
criteria (e.g., nymphs and variable external
characters; reviewed by Zimmerman 1948c).

Despite gaps in our taxonomic and system-
atic knowledge, recent work on particular el-
ements of the Hawaiian Auchenorrhyncha
have made important contributions to our
understanding of how geography and ecology
can broadly shape insect diversity (Goodman
et al. 2012, 2015, 2019; Bennett and O’Grady
2013; Wessel et al. 2013). For example, host
plant associations are a major driver in shap-
ing insect diversity inNesophrosyne andNesosydne
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(Bennett andO’Grady 2012; Goodman et al.
2019). After initial adaptation to particular
host plant lineages, these insects tend to di-
versify in parallel with plants as they disperse
and establish throughout the archipelago
(Bennett andO’Grady 2013).However,more
recently established host plants (e.g.,Dodonaea
that established since 1.2 Ma) can provide
novel ecological opportunities on older is-
lands permitting successful back dispersals.

In other remarkable cases, Auchenorrhyn-
cha species show transitions to the more ex-
treme ecosystems found in Hawaiʻi. Both
Nesophrosyne and Nesosydne include species
adapted to host plant species that occur in
the arid and cool summit ranges of Halea-
kalā and Mauna Kea (Zimmerman 1948c).
In contrast, Oliarus species have adapted to
strict root-feeding among lava tube and cave
environments across the archipelago; these
species further exhibit typical cave-adapted
traits such as reduced or absent eyes and loss
of pigmentation (Hoch and Howarth 1999;
Wessel et al. 2013). The evolutionary pat-
terns observed in Auchenorryncha may be
explained by low dispersal rates between rep-
licated habitats within a single island, an in-
ability for species to admix or successfully
compete with already established popula-
tions, or challenges that gravidmigrants face
in finding high-quality host plants after dis-
persal. Thus, it is likely that cryptic diversity
is common among not only the Auchenor-
rhyncha lineages, but also in other Hawaiian
insect lineages with narrow habitat speciali-
zation and low rates of dispersal.
Sternorrhyncha
All Sternorrhyncha are obligate plant-

feeders with piercing mouthparts evolved
to feed on plant sap (xylem and phloem). Ap-
proximately 375 species of Sternorrhyncha
are recorded for the Hawaiian Islands. A little
over 70% are considered introduced (includ-
ing some serious pests), in many cases via ag-
ricultural or horticultural imports, and just
under 30% are endemic; all native species
are endemic to the archipelago. Sternor-
rhyncha comprises five superfamilies but only
two superfamilies have endemicHawaiian spe-
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cies: Coccoidea and Psylloidea. In terms of
dispersal ability, these two groups represent
opposite ends of a spectrum, with low dis-
persal/sedentary life stages in Coccoidea, and
moderate dispersal with all adults winged
in Psylloidea. None of the Sternorrhyncha
are strong dispersers capable of reaching the
archipelago independently so abiotic and bi-
otic dispersal agents are therefore key, but
little is known about these agents, the fre-
quency of events,mechanics of transportation,
or rates of successful colonization. Together,
it is not clear that either dispersal ability, mo-
bility traits, or selective dispersal agents can
explain why there are no native lineages of
Aphidomorpha or whiteflies in the Hawaiian
Islands, or why many families in Coccoidea
and Psylloidea did not colonize the archi-
pelago. For instance, all independent colo-
nizations of the Hawaiian Islands (≥ 8) by
Psylloidea are from just one family (Triozi-
dae; Percy 2017b; Percy et al. 2018) despite
adjacent Pacific island regions having mem-
bers of all eight psyllid families. Similarly,
the estimated number of independent colo-
nizations for Coccoidea (approximately five
to six; Beardsley 1997) are from only two of
the more than 20 recognized families. Psyl-
loidea has the largest number of endemicHa-
waiian taxa (74 spp. in 11 genera), with fewer
endemic Coccoidea (34 spp. in 14 genera).
Strikingly, the ratio of native to adventitious
taxa in these two superfamilies is markedly
different: less than 20% of the 172 Coccoi-
dea species, butmore than90%of the 81Psy-
lloidea species are native.

Endemism in Coccoidea and Psylloidea is
often coupled with absence of identifiable
relatives elsewhere in the Pacific (Beardsley
1997; Percy 2017b). Limited and dishar-
monic representation of taxa suggests long-
distance dispersal to the archipelago is rare
but typical for these small insects. Divergent
morphologies in many taxa make systematic
affiliations outside the archipelago challeng-
ing, although for at least some endemic
Pseudococcidae, Beardsley (1997) posited
Australian and Pacific island origins. Our
knowledge of the specific source faunas for
most endemic lineages of Coccoidae and
Psylloidea is scant. Due to the central location
of theHawaiian archipelago in thePacific, the
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number of potential source faunas is large,
and these faunas are often less well studied
than the Hawaiian fauna. Historic taxonomic
placement of endemic species can also bemis-
leading in cases where artificial generic place-
ments were used for convenience (Percy
2017b). Host plant specialization in Sternor-
rhyncha varies from broad generalists to ex-
treme host specialists. Interestingly, Psylloidea,
which exhibit the highest plant specialization,
also comprise the largest endemic Hawaiian
fauna, implying that observed specialization
is not a barrier to island colonization. How-
ever, formost colonization events little is known
about ancestral biologies or host plants, and
therefore the size of a host leap required to
successfully establish remains unmeasurable.
The available molecular phylogenetic data
for Sternorrhyncha, critical to answering
many of the questions relating to systematic
placement, ancestral affiliations, and patterns
of dispersal and divergence within the archi-
pelago, are all in Psylloidea.
Pariaconus
The most thoroughly examined and spe-

cies-rich lineage of Psylloidea in the Hawai-
ian Islands is the endemic genus Pariaconus,
with 36 described species, 33 of which (92%)
are single-island endemics (Percy 2017b).
Molecular systematics has established the
most likely source region as Australasia-Asia
based on the closest outgroups, and there
are no close relatives currently known from
other Pacific islands, implying a single long-
distance colonization event. All species of
Pariaconus are known to feed on a single host
plant, Metrosiderospolymorpha, and molecular
dating evidence suggests the initial immigrant
arrived soon after colonization of the Hawai-
ian Islands byMetrosideros (3–5 Ma; Percy et al.
2008; Percy 2017b). Interestingly, the source re-
gions are not the same for plant and insect. Al-
though originally both are Australasian-Asian,
Metrosideros colonized various islands across
the Pacific before reaching Hawaiʻi, whereas
psyllids on these other islands feeding on
Metrosideros represent a monophyletic Pacific
lineage separate from Pariaconus. Within the
Hawaiian archipelago both Pariaconus and
Metrosideroshave early colonization and diver-
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gence events on the oldest extant island of
Kauaʻi, and there is evidence that bothpsyllid
and plant lineages colonized Kauaʻi before
colonizing younger islands in keeping with
the progression rule. In Pariaconus there is
no evidence of back dispersal from younger
to older islands; the kamua species group
(10 spp.) is endemic to Kauaʻi, and within-
island divergence is found on Oʻahu, Maui,
andHawaiʻi in the bicoloratus and ohialoha spe-
cies groups (Percy 2017b). Most of the speci-
ation events (particularly within-island events)
can be correlated with a biological shift to gall-
ing different parts of the host plant or genera-
tionofdifferent gall phenotypes, implying shifts
in resource usemay have occurred in sympatry
(i.e., on the same host within islands). In gen-
eral, the patterns in Pariaconus are consistent
with progressive colonization and repeated re-
source optimization shifts (Percy 2017b).
Other Psylloidea
Although less species rich than Pariaconus,

there is now some molecular data for all of
the other endemic Psylloidea lineages ex-
cept Paurotriozana (Percy 2017a, 2018; Percy
et al. 2018). Among these, within-island di-
vergence is evident in Hevaheva, Swezeyana,
andKuwayama. AswithPariaconus, divergence
in Swezeyana also occurs on a single host plant
(Planchonella sandwicensis, Sapotaceae) again
within islands, and again suggestive of sympat-
ric divergence (Percy 2018). Swezeyana appears
to be a slightly older lineage than Pariaconus,
with fewer taxa and more stochastic diver-
gence patterns.

The ancestral host plants for most of the
Psylloidea lineages remain unknown, but in
one case, inMegatrioza, an unusual host switch
to Pritchardia palms (monocot host plants are
extremely unusual in Psylloidea)may have oc-
curred with colonization of the islands, and
specificity to this host genus has subsequently
been maintained during speciation events
across the archipelago. A wide host leap on
colonization may also have occurred in Pa-
riaconus whose closest outgroup does not oc-
cur onMetrosideros or other Myrtaceae hosts
(Percy 2017b). These cases suggest that long-
distance dispersal to the Hawaiian Islands may
require the ability to establish on unfamiliar
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hosts, a substantial filter to colonizing psy-
llids that may explain why only Triozidae
taxa have established on the islands (Percy
2017b).Conservationof host preferencepost-
establishment is typical in Psylloidea, even
during interisland colonization and specia-
tion, and therefore a relatively small portion
of theHawaiianflorahosts psyllids. In a recent
Psylloidea phylogeny (Percy et al. 2018), Ha-
waiian taxa in Hevaheva, Trioza, Megatrioza, and
Crawforda come out as potential sister groups,
which would require some broader host leaps
to have taken place post colonization during
divergence in the Hawaiian Islands. However,
deep divergences between these genera sug-
gest more outgroup sampling will likely reveal
non-Hawaiian ancestors, increasing the esti-
mated number of independent colonizations
to the archipelago.

Lineage diversity in both Coccoidea and
Psylloidea is strongly influenced and con-
strained by diversity and divergence in native
host plants, a general feature sharedwith sev-
eral Auchenorrhyncha taxa. Highly specific
associations with currently rare and threat-
ened endemic plants raise serious conser-
vation concerns, even greater than for the
threatened host plants, because extirpation
of the insect taxa is likely to precede that of
the plant. In the case of the two species of Ste-
vekenia (Psylloidea), both single-islandendem-
ics on Nothocestrum host plants that have been
added to the IUCN Red List, there were less
than ahandful of individuals knownat the time
these species were described (Percy 2017a).
Hymenoptera
Hymenoptera, with about 33 lineages rep-

resented by over 650 described species and
hundreds more undescribed, are one of the
more diverse orders in Hawaiʻi. However,
they have been understudied relative to Dip-
tera andHemiptera. For example,many groups
have not been revisited since they were orig-
inally described in Fauna Hawaiiensis (Perkins
1899, 1910; Ashmead 1901). The endemic
chalcidoids, with at least 150 species acrossfive
families (Encyrtidae, Eulophidae, Eupelmidae,
Mymaridae, and Pteromalidae), are particularly
poorly known since the original descriptions
are often inadequate and old specimens are
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in poor condition. Several large-to-moderate
radiations—Nesodynerus (Vespidae, 111 species),
Hylaeus (Nesoprosopis; Colletidae, 63 species),
Enicospilus (Ichneumonidae, 24 species), and
Ectemnius (Crabronidae, 21 species)—are rel-
atively well characterized, but phylogenetic
analysis has only beendone forHylaeus (Mag-
nacca andDanforth 2006, 2007). The largest
hymenopteran genus, Sierola (Bethylidae),
has 212 endemic species described andprob-
ably 400–500 total, but is only beginning to
be studied taxonomically and little is currently
known.Thegreat diversity ofHawaiianbethy-
lids exemplifies the disharmonic nature of
the Hawaiian fauna. In most continental are-
as, where the parasitoid fauna is dominated by
Ichneumonidae and Braconidae, Bethylidae
are a relatively small and overlooked group.
The enormous radiation of Sierola in Hawaiʻi,
in contrast, makes up close to half of all na-
tive Hymenoptera species, with ichneumonids
and braconids together totaling barely 5%
of native species diversity.
Bethylidae
Aside from a small radiation of Scleroder-

mus (12–20 species), the Hawaiian bethylid
fauna is dominated by a very large radiation
of Sierola. The genus is widespread and abun-
dant from Australia across nearly all Pacific
island groups, with a few uncommon species
in mainland South and Southeast Asia and
Sundaland. This group is understudied, with
nearly all known species awaiting description
and the bulk of described species represented
by the poorly known Hawaiian radiation.
Within Hawaiʻi, understanding of the bethylid
fauna is heterogeneous—the Oʻahu species
have been recently revised (Magnacca 2020),
and those of the island of Hawaiʻi partially
described, while the faunas of Kauaʻi, Maui,
and Molokaʻi are almost entirely unknown.
No phylogenetic study has been conducted,
but a few patterns are evident. Sierola appears
to have originated in Australia, where the
greatest morphological diversity occurs and
where species appearing intermediate with
the sister genus Goniozus occur. The mono-
phyly of the Hawaiian Sierola is unclear, par-
ticularly given their ready dispersal across
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the Pacific and lack of morphological char-
acters distinguishing them as a group from
those found elsewhere. The non-Australian
species arederived fromamorphological sub-
set of the Australian taxa, but also contain a
number of morphological innovations, par-
ticularly inHawaiʻi, such as the development
of extremelymodifiedmandibles, pale brown
to yellow coloration, and deep, often ventrally
angulate head shapes. Interestingly, all of
these are paralleled in Goniozus. Within the
Hawaiian Islands, these extreme forms are
more commonly found on the older islands
of Kauaʻi and Oʻahu (both in terms of num-
bers of species and abundance in the land-
scape), while the species present on younger
islands such as Hawaiʻi tend to bemore gen-
eralized. However, on Oʻahu many of the
species are known from very few specimens—
often only one—despite intensive collecting,
suggesting that rare species with unusual
forms may be missed on the other islands be-
cause theyhavenot been the subject of similar
collecting efforts. The degree of divergence
among the species, and between the Hawai-
ian and the rather monotonous Pacific spe-
cies, suggests that the group has been in
Hawaiʻi at least since the origin of Kauaʻi, and
possibly longer.
Colletidae
The sole lineage of native bees is also the

only native hymenopteran group that has
been analyzed phylogenetically. The 63 en-
demic Hylaeus belong to the subgenus Neso-
prosopis, an otherwise obscure clade found
in the easternPalearctic andOriental regions,
with one species extending to western Europe
(Daly and Magnacca 2003). A number of in-
teresting undescribed species are found in
China and Southeast Asia, but the closest rel-
atives of the Hawaiian species are probably
those from Japan. The Hawaiian taxa are de-
rived from a single, relatively recent intro-
duction between 0.5–1 million years ago
(Magnacca and Danforth 2006). The major
species groups diverged first on Hawaiʻi or
possibly Maui, followed by stochastic dis-
persal to older islands—the relationships
consist mainly of species pairs or triads, with
one found on Hawaiʻi and one or two on an-
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other island, withmore or less randomdistri-
bution of the latter. This pattern is reflected
not only in the tree but in the number of spe-
cies. Unlike in most groups, the native
Hylaeus are most diverse and have the most
island endemics on Hawaiʻi Island, and have
the fewest species on Kauaʻi and Oʻahu.
Lepidoptera
Hawaiʻi hosts over 1000endemicmoth spe-

cies, but only two native butterflies (Nishida
2002), a common but still mysterious phe-
nomenon of taxonomic disproportionality on
islands (e.g., Clarke 1971). The actual number
of moth species could easily be 50% higher
since virtually everymolecular study (Rubinoff
and Schmitz 2010; Schmitz and Rubinoff
2011a,b; Haines et al. 2014), even of well-
known largemoths, reveals undescribed spe-
cies (Rubinoff et al. 2021). There are at least
58 independent lineages (each likely an in-
dependent colonization event) hailing from
19 different families. Native species diversity
is a highly disharmonic representation of
global taxa, with many lepidopteran families
never reaching the islands and many line-
ages that did still being relatively species
poor; 16 lineages are represented by a single
species, and about 40 lineages have fewer
than 10 species (Haines 2011). Thus, whether
due to timing or inherent limitations, rela-
tively few lineages have radiated, but those
that didmake upmost of the species diversity.

Interestingly,manyHawaiian Lepidoptera
boast global evolutionary anomalies with re-
gard to their ecologies. Carnivory within Lep-
idoptera globally is rarer than in any other
insect order, with only 0.13% of all caterpil-
lar species eating other animals, and all of
those (outside Hawaiʻi) attack other insects
(Pierce 1995). However, in Hawaiʻi, several
independent origins of carnivory have oc-
curred. For example, there are two species
of alpine, diurnal Agrotis (Noctuidae) moth
species restricted to stone deserts above
3000m, bothwith semipredacious larvae (Me-
deiros et al. 2019). Furthermore, Hawaiian
members of the globally distributed genus
Eupithecia (Geometridae) include 21 species,
all but one of which are ambush predator cat-
erpillars, a characteristic not observed in the
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family anywhere else on the planet. Finally, al-
though the majority of species in the genus
Hyposmocoma (Cosmopterigidae) are proba-
bly scavengers or herbivores, there is a carni-
vore lineage with over 12 species, including
some that specialize on hunting tree snails
(Rubinoff and Haines 2005). The forces driv-
ing the adaptation to gastropod-feeding in
Hyposmocoma remain unclear but may be
linked to the abundance of snails in the Ha-
waiian Archipelago and the relatively unex-
ploited nature of this resource.

Adaptation to and diversification on spe-
cific host plants is a characteristic observed
in many Hawaiian Lepidoptera lineages. Lar-
vae of the over 41 species of endemicCarposina
have diversified to use at least 12 different host
plant families, and a range of feeding modes,
representing a remarkable ecological radia-
tion (Medeiros et al. 2016). The Tortricidae
contain over 70 endemic species from at least
10 separate colonization events, but little is
known aboutmost of their ecologies andphy-
logenetic relationships. The endemic genus
Philodoria (Gracillariidae) has over 30 leaf
mining species, including some thatmay have
gone extinct along with their host plants, with
their existence only evidenced by the dis-
tinctive larval mines preserved in herbarium
specimens ( Johns et al. 2014, 2016, 2018). An-
other ecological adaptationunique toHawaiʻi
is seen in the Crambidae, where the 185 spe-
cies are typical plant feeders. Interestingly,
the larvae of some species hide underground
when not feeding, a factor that might have
helped them avoid predation by native preda-
tors and parasitoids, as well as weather the on-
slaught of invasive hymenopteran predators
(King and Rubinoff 2008; King et al. 2010).
This adaptation may also have allowed Cram-
bidae to diversify more rapidly than their sis-
ter lineage, the Pyralidae, which includes only
six native species.
Xylorictidae
Although globally somewhat obscure, the

Xylorictidae have diversified into 32 species
in Hawaiʻi (Medeiros 2009), all part of the
endemic genus Thyrocopa, which has inde-
pendently evolved flightless, jumping adults
on Maui and Hawaiʻi Island; both such spe-
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cies are restricted to alpine environments
above 3000 m (Medeiros and Gillespie 2011).
The scavenger larvae are present through-
out most rainforest and alpine ecosystems.
Thyrocopa also exemplify niche conservatism,
with species from the remote, low elevation,
dry, windyNorthwestHawaiian Islands being
closely related to the high elevationflightless
species living in similarly dry and windy hab-
itats (Medeiros et al. 2015).
Cosmopterigidae
The most extreme example of taxonomic

disharmony in Hawaiʻi is in the Cosmopte-
rigidae, which include a little over 1800 spe-
cies globally (van Nieukerken et al. 2016).
Hyposmocoma, the endemic Hawaiian genus
in the family, has explodedwithat least 600 spe-
cies, including hundreds that are recognized
but not described, making up not only a pre-
ponderance of the overall family’s diversity
but also 30–40% of all Lepidoptera species
in Hawaiʻi.

Several lineages in Hyposmocoma have in-
dependently evolved an aquatic lifestyle and
are found residing in and along streams
(Rubinoff and Schmitz 2010; Schmitz and
Rubinoff 2011b). Although only 0.5% cater-
pillars on the planet are aquatic (Mey and
Speidel 2008), this trait has evolved indepen-
dently in Hyposmocoma at least four times
(Rubinoff and Schmitz 2010). Almost all Hy-
posmocoma are restricted to single volcanoes
within islands, and quite frequently sister taxa
in this genus are found on different islands,
not on adjacent volcanoes on the same island
(Rubinoff and Schmitz 2010; Haines et al.
2014). Many species are highly specialized
in their ecologies. For example, some reside
only on the lichen-covered root tips of fallen
ʻōhiʻa(Metrosideros) trees in rainforests (Schmitz
andRubinoff 2011a), others only in the dead
bracts of tree ferns. Perhaps their most puz-
zling feature is the ornate silk cases the larvae
spin and inhabit throughout their develop-
ment. Almost every lineage has a unique,
signature case structure, with occasional in-
stances of convergent evolution (Schmitz
and Rubinoff 2011a; Kawahara and Rubin-
off 2013). The reasons for these unprece-
dented evolutionary bursts of diversification
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and evolutionary novelties are unclear, but
they may be related to the age of the coloni-
zation. The ancestor of Hyposmocoma arrived
approximately 15million years ago andnearly
all major ecological/case lineages in the ge-
nus were present before Kauaʻi arose fivemil-
lion years ago, meaning there were at least
20 independent dispersal events from the
older northwest islands down to the current
main islands (Haines et al. 2014). Although in
some Hyposmocoma lineages there is adher-
ence to the progression rule, in others there
is a pandemoniumof interislanddispersal (in-
cluding from younger to older islands) con-
firming the potential vagility inherent in the
group. This ancient origin for the 20 species
groups inHyposmocoma also suggests that con-
ditions on the now-receding dry, low atolls of
the Northwest Hawaiian Islands may have,
when those islands were younger and high-
er, resembled the diverse forests and climates
present on the current islands, including res-
ident tree snails and a diversity of plants and
ecosystems.

It is likely that continued research will re-
veal additional evolutionary surprises in the
HawaiianLepidoptera. For example, themono-
typic sphingid genus Tinestoma is endemic
to Kauaʻi, known only from 18 specimens
and remains a complete mystery. Despite be-
ing the second largest native moth, even the
larval host plant is unknown and may reflect
a currently unimagined ecology. However,
extinction looms for it and many other Lepi-
doptera. The original diversity of Hawaiian
Lepidoptera was undoubtedly far greater than
what remains, and extinction is rife in the
group (e.g., Johns et al. 2014). The constant
introduction of invasive species, including
ants (King et al. 2010), habitat destruction,
and a lack of basic distribution data (Medei-
ros et al. 2013) preclude meaningful conser-
vation measures, and many species are likely
on the verge of extinction but could be saved
with concerted action (Kawahara and Rubi-
noff 2012).
Odonata
Themajority ofHawaiianOdonata belong

to the endemic radiation ofMegalagriondam-
selflies. Only a few species of dragonflies
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(Anisoptera) are native to Hawaiʻi. The in-
digenous Pantala flavescens (Libellulidae) and
greendarnerAnax junius (Aeshnidae) are also
widelydistributedoutsideHawaiʻi, where some
populations aremigratory. The only endemic
Hawaiiandragonflies areAnax strenuus (Aesh-
nidae) and Nesogonia blackburni (Libellulidae;
Howarth and Mull 1992).

The 23 endemic Hawaiian Megalagrion
damselflies are a spectacular exampleof adap-
tive radiation, exhibiting dramatic variation in
larval and adult morphology as well as breed-
ing habitats. Megalagrion breeding ecology
includes fully aquatic larvae in basal springs,
brackish anchialine pools, streams, acidic
bogs, and anthropogenic aquatic structures,
semiaquatic larvae in films of water and
damp moss on waterfall faces and seeps, or
in small pockets of water in plant leaf axils
and, extraordinarily, terrestrial larvae indamp
leaf litter beneath fern banks.

Adaptive radiation ofMegalagrionwas driven
primarily by colonization of new volcanoes
and ecological opportunities in larval habi-
tats ( Jordan et al. 2003). Exploitation of
these habitats was surely facilitated by a lack
of natural predators and competitors.Molec-
ular data suggest that Megalagrion arrived in
Hawaiʻi about 11 Ma, perhaps as a single
gravid female, although her point of origin
is unknown. At that time, none of the cur-
rent high islands existed, so Megalagrion prob-
ably became established on Gardner, La
Perouse, or Necker Islands, all of which over-
lapped temporally with Kauaʻi (Price and
Clague 2002). Single-island endemics likely
arose and went extinct over the life span of is-
lands that are now largely eroded. Today,
Megalagrion includes generalist species found
on multiple islands as well as single-island en-
demics restricted to specialized habitats. The
radiation appears to have followed three of
the four main diversification patterns out-
lined above, dependent on species plasticity
and vagility ( Jordan et al. 2003). First, the pro-
gression rule clearly applies to clades that
breed in fast streams, pools, and plant leaf ax-
ils. Second,Megalagrionunderwent a dramatic
within-island radiation on Kauaʻi beginning
about 1.9Ma, finely partitioning bog-associated
habitats in close geographical proximity. Third,
M. hawaiiense may have dispersed back up the
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chain from a source onHawaiʻi Island. More
localized patterns can also be seen within
species ofMegalagrion, including dispersal pe-
riodically interrupted by ephemeral sea chan-
nels or facilitated by wind or human activities
( Jordan et al. 2005, 2007; Jones and Jordan
2015).

Recent studies have begun to examine
how selection pressures experienced in dif-
ferent habitats lead to phenotypic variation
and adaptation. Adult damselflies exhibit ex-
tensive color variation, but there is no phylo-
genetic signal for color (Cooper et al. 2016).
Instead, a single ecological variable, expo-
sure to solar radiation, predicts body color
variation among and within species. Specif-
ically, redder coloration is associated with
more exposure to solar radiation. Many spe-
cies have vivid red coloration, particularly in
males, but this pigmentation is not a sexual
signal (Cook et al. 2018). Rather, the bright
red color characteristic of many Megalagrion
functions as an antioxidant in habitat with
highUV exposure (Cooper 2010). The adult
environment is linked to larval habitat, but
there is little research on larval adaptation.
Gill shape is correlated with larval habitat
type andmay have enabled ecological transi-
tions during adaptive radiation (Polhemus
1997). Because this radiation contains more
variation in larval habitats than all other odo-
natesworldwide, this systemprovides a unique
opportunity to study how selection may lead
to morphological, physiological, and behav-
ioral adaptations across ecological gradients
and between islands.

Ten Megalagrion species are considered
threatened, endangered, or possibly extinct
(Polhemus 2004; IUCN 2021). Perhaps be-
cause of their close association with aquatic
habitat,Megalagrion are threatened by intro-
duced alien invasive fishes (Englund 1999),
stream diversion for agriculture and urban
development (Polhemus 1993), physical de-
structionof habitat, anddegradationof stream
catchments by feral ungulates, particularly pigs
(Nogueira-Filho et al. 2009). These damsel-
flies may also be affected by changes to water
availability due to climate change. For several
decades, Hawaiʻi has been experiencingmore
frequent and prolonged droughts, especially
at high elevations (Longman et al. 2015).
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Orthoptera

Endemic Hawaiian Orthoptera are repre-
sented by two families within the suborder
Ensifera (long-horned grasshoppers). The
other major suborder of the Orthoptera, the
Caelifera (short-horned grasshoppers) are not
represented by any endemic lineages in Ha-
waiʻi, although introduced species are known
(Nishida 2002).The endemicHawaiianEnsi-
fera derive from four separate colonizations,
including the katydids (Family Tettigoniidae)
and the crickets (family Gryllidae; Otte 1994).
The genus Banza contains all of the endemic
katydid species known in Hawaiʻi (Shapiro
etal. 2006), totalingninedescribedspecies.Phy-
logenetic analysis of these rainforest-dwelling
species (Shapiro et al. 2006) suggests the
emergence of twomajor clades in the evolu-
tionary history of Banza, each showing a gen-
eral progressive biogeographical pattern from
older to younger islands.

The endemic crickets (family Gryllidae)
are considerably more diverse than the katy-
dids inHawaiʻi, likely deriving from four sub-
family-level colonizations, including the tree
crickets (Oecanthinae), the swordtail crick-
ets (Trigonidiinae), and the ground crickets
(Nemobiinae). Together,Otte (1994) recog-
nizes these radiations as approximately 300 en-
demic species withinfive endemic genera (the
tree crickets Prognathogryllus, Leptogryllus, and
Thaumatogryllus; andtheswordtail cricketsLau-
pala and Prolaupala) and three nonendemic
genera (Trigonidium, Caconemobius, and The-
tella). Twogroundcrickets (Caconemobius sand-
wichensis and Thetella tarnis) are indigenous
but not restricted to Hawaiʻi, being found
throughout the northern Pacific region (al-
though further taxonomic treatment may re-
cognize additional diversity within each).

Taxonomic and limitedphylogenetic treat-
ments show that all native crickets, save the
two ground crickets mentioned above, are
geographically restricted to single islands and
often single volcanoes (Otte 1994; Shaw 1995,
1996, 2000, 2002; Mendelson and Shaw 2005).
Single-island endemism is likely tied to life-
style and the ubiquitous pattern of flightless-
ness among the endemic cricket fauna (Otte
1994), minimizing participation in common
modes of insect dispersal. Nearly all species
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in the swordtail and tree cricket radiations
are restricted tomid-elevation rainforests (Thau-
matogryllus conanti, a relict from rainforestless
Nihoa being the only known exception to
this pattern), where they appear dependent
on high humidity and buffered temperature
ranges. The geographic consequence of rain-
forest requirements likely depresses oceanic
dispersal between islands. The two species
with more widespread distributions, Cacone-
mobius sandwichensis and Thetella tarnis, both
inhabit thecoastal splashzoneof rocky beaches
on multiple islands, probably due to greater
opportunity for oceanic dispersal.

Endemism appears to extend to single vol-
cano endemism in some cases, as exempli-
fied by some species of the genus Laupala.
Insight is greatest with this group due to ex-
tensive genetic and molecular phylogenetic
analyses. A molecular phylogeny (Mendelson
and Shaw 2005) shows a strong progression
pattern where Kauaʻi taxa form a monophy-
letic group that is sister to the remainingLau-
pala clade. Two species groups are evident in
thenon-Kauaʻi sister group, each showing an
older to younger island biogeographic pro-
gression (Mendelson and Shaw 2005; Shaw
and Gillespie 2016). Lineages from these two
species groups have speciated into the same
habitats, leading to sympatric communities
on each of the younger islands, comprised
of representative species from each species
group. Themost conspicuous aspect of com-
munity assembly is the acoustic diversity (Otte
1994; Shaw 2000), as all sympatric species
sing different songs, likely to facilitate con-
specific mate pairing. Although all species of
Laupala are very closely related, with diver-
gence times apparently dating to no earlier
and often much younger than the age of
Kauaʻi (Mendelson and Shaw 2005), sympat-
ric species are generally not sister species.

In general, ecological diversity among the
most closely related forms is lacking, and this
ecological similarity can extend deep into evo-
lutionary history. Closely related species of
Laupala of the same species group are similar-
ly dark brown to black and lack conspicuous
coloration, cannot be distinguished by male
genitalia or other categorical features of mor-
phology, and likewise are similar in displaying
a lackof host plant dependency. About the en-
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demic swordtail crickets, and especiallyLaupala,
Otte (1994) remarks that an unusual ecological
shift to a ground-dwelling habit characterizes
some species (e.g., as described in Shaw 2000)
or groups of species. This pattern appears
somewhat plastic depending on congeneric
community composition, with some species
possibly showing spatial displacement or eco-
logical release in response to the presence of
absence of other species. It appears possible
that sympatric species at times compete, but
no conspicuous ecological divergence arises
from it. Other phenotypes such as cuticular
hydrocarbons (Mullen et al. 2007), songs,
and acoustic preferences (Otte 1994; Shaw
1996; Mendelson and Shaw 2005) do vary
substantially at the species level.

Other lineages of endemic crickets display
more exciting ecological diversity, although
research has only scratched the surface and
further work would likely be very productive
(deCarvalho and Shaw 2010; Brown 2016).
Color pattern diversity is more pronounced
and sometimes elegantly cryptic in some spe-
cies of swordtail and tree crickets. TheMolokaʻi
swordtail endemic Trigonidium atroferriginium
is bright green in immature nymphal stages
but molts into a black cricket with red legs
and yellowwings as an adult. Suchpatterning,
in both life stages, makes it highly cryptic in
the foliageofMetrosideros polymorpha. In the tree
cricket radiation, two genera have lost both
fore- and hindwings, making themmute. They
have likewise evolved fossorial (genera Lepto-
gryllus and Thaumatogryllus) and sometimes
troglobitic (Thaumatogryllus) lifestyles. Mor-
phological changes accompanying these
shifts include limb elongations and, in the
case of obligate lava tube species, eye reduc-
tion and the loss of pigment (Otte 1994). The
endemic ground cricket radiation of the
genus Caconemobius has also colonized cav-
ernous and lava tube habitats on younger is-
lands, showing similar adaptations to the
lava tube tree crickets, such as loss of pig-
ment, eye reduction, and limb elongations
(Gurney and Rentz 1978; Howarth 2019).
The time frames of these radiations are like-
ly on par with those of the extant high is-
lands, but definite answers must wait for
phylogenetic evidence of relationships among
the many species in these groups.
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Psocoptera
Psocids are bark-dwelling insects that feed

on fungus and lichen from the surface of
trees. These cryptic, Drosophila-sized insects
are not strong fliers, and are often reluctant
tofly even when pursued.Wind dispersal has
been proposed as their primary means of
movement between islands (Thornton and
Harrell 1965). Psocids were found consis-
tently in aerial plankton surveys around Ha-
waiʻi (Yoshimoto and Gressitt 1960, 1963),
and showed themselves to be reliable early
colonists that quickly built up large popula-
tions in the classic island biogeography ex-
periments by Simberloff and Wilson (1969).

Three endemic Psocoptera lineages are
present in the Hawaiian Islands. There are
two genera in the family Elipsocidae, Palis-
treptus (20 species) and Kilauella (seven de-
scribed species; Thornton 1990), and a single
genus,Ptycta (51described species), represent-
ing the family Psocidae (Thornton 1984).
Ptycta is a relatively large genus, with some
170 species worldwide (Bess and Yoshizawa
2007). Both Kilauella and Ptycta appear to
have many undescribed morphospecies in
collections (Emilie Bess, pers. obvs., Bishop
Museum, Australian Museum), and the total
diversity of endemic Ptycta is estimated at
100 species. In addition to the endemic taxa,
about 50nonnative psocid species, represent-
ing 20 genera, have also been found on the
islands (Lienhard and Smithers 2002).
Psocidae
Themonophyly of the Hawaiian Ptycta was

strongly supported in phylogenetic analyses
of four genes from 101 individuals of Hawai-
ian Ptycta and 18 geographically diverse out-
group species, and the presence of two distinct
Hawaiian clades was also strongly supported
(Bess et al. 2014). Clade A is present on all
four of the main Hawaiian Island groups
(Kauaʻi, Oʻahu, Maui Nui, and Hawaiʻi) and
Clade B is present on only the three youngest
island groups and is particularly diverse on
Maui Nui and the island ofHawaiʻi. Morpho-
logically, two synapomorphies distinguish
structures of the male genitalia between the
two groups: Clade B species have more
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complex structures of the phallosome and
hypandrium.

Time-calibrated phylogenetic reconstruc-
tion indicates that the endemicHawaiian Ptycta
began their radiation pre-Kauaʻi, roughly
7.14Ma, a date that corresponds closely with
the age of the oldest current island of Nihoa
(7.2 Ma) and overlaps with the 10.3 Ma hab-
itable age ofNecker Island (Bess et al. 2014).
The estimated ages of Clade A (2.62 Ma)
and Clade B (3.24 Ma) are not significantly
different and represent an origin slightly af-
ter the formation ofOʻahu (3.7Ma). Interest-
ingly, taxa from the youngest island are sister
to the other taxa in both Clades A and B, sug-
gesting multiple dispersal events from the is-
land of Hawaiʻi westward. Furthermore, taxa
from Kauaʻi form a clade embedded within
Clade A, suggesting back-colonization events
within Ptycta. However, this pattern could
also be the result of extinction of older lin-
eages or failure to sample some lineages.
Clearly, there appears to be extensive move-
ment and diversification of Ptycta within
and between islands following the initial col-
onization event. The crown age of 7.2 Ma, in
combination with inter- and intraisland dis-
persal and possible extinction events lends
support to the progression model for the di-
versification of Hawaiian Ptycta.
Discussion

Phylogenetics have advanced consider-
ably in the 25 years sinceWagner and Funk’s
(1995) review of Hawaiian biogeography
and species evolution, particularly in our
ability to computationally infer phylogenies
with hundreds of taxa, to easily sequence en-
tire genomes, and to test sophisticated mod-
els of evolutionary and biogeographic history.
With the larger,more complete phylogenetic
trees of Hawaiian insect radiations now avail-
able (more than 100–200 terminals in the
case of Ptycta and Nesophrosyne; Bennett and
O’Grady 2012; Bess et al. 2014), we find that
many Hawaiian insect radiations show a
mixture of the four primary biogeographic
patterns first identified by Funk and Wagner
(1995; Table 1). These new data illustrate the
complex and historical interplay of these
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processes with increased clarity while creat-
ing a more comprehensive picture of how the
endemic Hawaiian biota was assembled.

The Hawaiian entomofauna is character-
ized by a number of general, as well as idio-
syncratic, biogeographic patterns. Here, we
aim to synthesize general patterns in the bio-
geography and macroevolution of Hawaiian
insects. First, we examine the colonization se-
quence and timing of the various indepen-
dent Hawaiian lineages. Although there is
much to be said about colonization times
and temporal patterns within Hawaiian radi-
ations, determining the exact source areas
for many taxa remains elusive due to issues
with sampling. Then, we consider the general
applicability of eachof the fourprimarymech-
anisms of within-Hawaiʻi diversification iden-
tified by Funk and Wagner (1995). Finally,
we discuss additional drivers of diversification
found across the Hawaiian insect fauna, be-
ginning with a critical assessment of the pro-
gression rule hypothesis, and followed by
discussion of some factors that might lead
to large radiations.
colonization sequence

One of the enduring questions in Hawai-
ian biogeography is the age of its biota. The
fact that the Hawaiian hotspot has been geo-
logically active for approximately 80 million
years suggests the intriguing hypothesis that
some Hawaiian-endemic clades may be far
older than Kauaʻi or even the Northwestern
Hawaiian Islands, representing relicts of an
ancient biota present for tens of millions of
years in this remote part of theNorth Pacific.
As a corollary, such great age for Hawaiian
lineages would suggest that time has been a
significant factor in generating Hawaiian en-
demic biodiversity.

Price andClague (2002) used bathymetric
measurements to estimatemaximumheights
of the Northwestern Hawaiian Islands and
present-day habitat type distributions (e.g.,
rainforest greater than 1000 m) to infer past
Hawaiianflora. They demonstrated that there
was a period of approximately 2 million years
prior to the formation of Kauaʻi in which the
only subaerial islands were small, spaced
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apart, and likely less than 1000 m elevation.
They then reviewed all of the available dated
molecular phylogenies and found that 12
out of 15 Hawaiian multispecies lineages
had crown ages less than 5 Ma, indicating
that they might be no older than Kauaʻi. Of
the three exceptions, two, the Hawaiian Dro-
sophila andMegalagrion damselflies (Russo et al.
1995, 2013; Jordan et al. 2003), were insect
clades and the third, the lobeliad radiation,
was a plant lineage (Givnish et al. 1996, 2009).
Subsequent phylogenetic studies added a
few more examples (Hyposmocoma: Haines
et al. 2014; the bird family Mohoidae: Flei-
scher et al. 2008) to this short list of excep-
tions, suggesting that the erosion of the
NorthwesternHawaiian Islands caused the ex-
tinction of much of the ancient Hawaiian bi-
ota, and thus thebulk of themodernHawaiian
biota is post-Kauaʻi in age.

But Price and Clague’s data set included
very few insect taxa. Here, synthesizing data
acrossmore recent studies, we find that a no-
table fraction (12 of 17) of estimated ages of
insect radiations predate Kauaʻi (5.1 Ma; Ta-
ble 2; Figure 3), adding seven additional ex-
amples of pre-Kauaʻi lineages to their 2002
totals (this total does not include Rhynco-
gonus, which is inferred to be post-Kauaʻi us-
ing geologic calibrations but pre-Kauaʻi using
molecular clocks; Claridge et al. 2017). These
estimated ages range from25Ma inDrosophila+
Scaptomyza, 21 Ma in Philodoria, and 15 Ma in
Hyposmocoma to 7Ma in Ptycta, roughly 5–7Ma
in themain Hawaiian Dicranomyia clade, 6 Ma
inThyrocopa, and 5.9Ma in Swezeyana. In those
13 studies where authors report 95% highest
posterior density intervals for clade ages, six
radiationsunambiguouslyarepre-Kauaʻi (Dro-
sophilidae, Hyposmocoma, Philodoria, the Eury-
nogaster complex, Xyleborus, and Limnoxenus,
but also the molecular clock Rhyncogonus esti-
mate). These results suggest that an important
and possibly a major fraction of the Hawaiian
insect fauna initially colonized the archipelago
before and persisted through the bottleneck
preceding the emergence of the existing high
islands.

These findings have two important impli-
cations for macroevolutionary dynamics of
the Hawaiian insect fauna. First, the range
of colonization dates are spread across a
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TABLE 2
Published divergence time estimates for the ages (crown ages) for Hawaiian insect radiations

Group Species Age (Ma) Range (Ma)1 Reference(s)

COLEOPTERA
Curculionidae
Rhynocogonus 34 4.8 (geologic) 3.5–6.2 (geologic); Claridge et al. (2017)

7.3 (molecular) 5.7–9.0 (molecular)
(both 95% CI)

Hydrophilidae
Limnoxenus 3 19.48 11.3–29.74 Toussaint and Short (2017)
Scolytidae
Xyleborus 21 9.8 6–14 Cognato et al. (2018)

DIPTERA
Drosophilidae 566 (1000) 25.15 (23.9–27.46) Russo et al. (1995, 2013);

Lapoint et al. (2014)
Hawaiian Drosophila 9.14 6.57–11.82 Lapoint et al. (2014)
AMC Clade 91 4.4 3.45–5.45 Lapoint et al. (2014)
antopocerus group 15 2.48 1.81–3.24 Lapoint et al. (2014)
modified tarsus group 76 3.69 2.9–4.51 Lapoint et al. (2014)
picture wing 120 6.0 4.5–7.3 Magnacca and Price (2015)
haleakalae 51 9.9 9.8–10 (composite) O’Grady and Zilversmit (2004)
Scaptomyza 267 23.3 18.2–29.3 Lapoint et al. (2013)**
Dolichopodidae
Campsicnemus 183 4.58 4.15–5.01 Goodman et al. (2014)
Eurynogaster 66 11.8 9.08–15.04 Goodman et al. (2016)
Ephydridae
Scatella 15 10.8 O’Grady and Stepaniak (unpublished)
Limoniidae
Dicranomyia 13 6.9 (16)* 4.96–8.8 Goodman and O’Grady (2013)
Tephritidae
Trupanea 21 not estimated N/A Viale et al. (2015)

HEMIPTERA
Cicadellidae
Nesophrosyne 69 (200) 3.2 2.75–3.74 Bennett and O’Grady (2013)
Triozidae
Pariaconus 36 5 3.5–6.5 Percy (2017b)
Swezeyana 9 5.9 4–7.7 Percy (2018)

HYMENOPTERA
Colletidae
Hylaeus 60 0.5–0.7 (geologic) Magnacca and Danforth (2006)

LEPIDOPTERA
Cosmopterigidae
Hyposmocoma ~400 14.8 10.5–19.6 Haines et al. (2014)
Gracillariidae
Philodoria 32 21** 17.37–26.30 Johns et al. (2018)
Xyloryctidae
Thyrocopa 39 5.94 (geologic) Not provided Medeiros and Gillespie (2011)

ODONATA
Coenagrionidae
Megalagrion 25 9.6 (mean) 3.9–16.0 (composite) Jordan et al. (2003)

continued
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period of 25 Ma to the present, rather than
being clustered around a particular window.
This pattern has been seen in some other in-
sular biotas (e.g., the Marquesas endemic
fauna and flora, Hembry 2018; southeastern
Polynesian and Galápagos birds, Thibault
and Cibois 2017; Valente et al. 2015), but
not in all insular biotas (e.g., the Society Is-
lands biota, Hembry and Balukjian 2016;
Macaronesian birds, Illera et al. 2012). This
strongly suggests that early-colonizing line-
ages did not fully preempt later colonization
and radiations by other lineages, meaning
there is little evidence for a priority effect.
It also suggests there was not a single period
that was especially conducive to colonization,
either due to global conditions or local ones in
the Hawaiian Islands. Both Campsicnemus and
Nesophrosyne have undergone spectacular di-
versification despite colonizing less than
5 Ma. The hypothesis that colonization is
not preempted by earlier colonizing lineages
is best demonstrated by Dolichopodidae flies,
which colonized at least three times over the
past 12Ma and radiated twice independently
(Campsicnemus and the Eurynogaster com-
plex; Goodman et al. 2016). Second, diversi-
fication in the Hawaiian Islands before the
formation of Kauaʻi did contribute to extant
lineage diversity in these radiations since each
of these anciently colonizing clades are in-
ferred to have colonized the main Hawaiian
Islands at least twice from the Northwestern
Hawaiian Islands.

A larger fraction of early-colonizing insect
lineages relative to plant lineages suggests
that some aspects of insect and plant macro-
evolutionary dynamics may be decoupled
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across thehistory of theHawaiianArchipelago,
despite current evidence of host plant special-
ization (Price and Clague 2002; Bennett and
O’Grady 2012; Price and Wagner 2018). Six
of the 12 pre-Kauaʻi insect clades use plant re-
sources directly or indirectly as food, and all
of these use multiple host plant families in
Hawaiʻi. Drosophila feed on yeasts and other
microbes that grow on decomposing plant tis-
sues (Magnacca et al. 2008). Ptycta bark lice
live on plants but feed on fungi and algae
growing on tree trunks (Bess et al. 2014).
Philodoria are leaf miners; Johns et al. (2018)
argue compellingly that they may have per-
sisted through periods of low-elevation islands
by feeding onMalvaceae, amajor component
of lower elevation habitats. Rhyncogonus are
chewers that consume host plant leaves as
adults but host plant roots as larvae (Claridge
et al. 2017); in French Polynesia, where Ha-
waiian congeners originated, some species
live at sea level and consume leaves of Mal-
vaceae (Hibiscus tiliaceus, which is native there)
and introducedwoodyplants (such asPsidium
guajava; David Hembry, unpublished notes,
2008; Claridge et al. 2017). Xyleborus beetles
cultivate fungi in wood of several host plant
families butmanyHawaiian species are highly
specialized (Cognato et al. 2018). Swezeyana
psyllids, which may just slightly predate Kau-
aʻi, are exclusively phloem feeders ofPlancho-
nella sandwicensis (Percy 2018). This suggests
that these older, specialist, lineages either
dynamically adapted to a wholesale shift in
plant and animal biotas, despite their cur-
rent specialization (e.g.,Xyleborus, Philodoria,
certain Drosophila, lineage of snail-eatingHy-
posmocoma), or that many of the plant and
TABLE 2
Continued

Group Species Age (Ma) Range (Ma)1 Reference(s)

PSOCOPTERA
Psocidae
Ptycta 50 7.14 4.73–10.05 Bess et al. (2014)
rnational
*First age represents the age of the main Hawaiian radiation of Dicranomyia. Second age in parentheses represents the age of the
common ancestor of all Hawaiian Dicranomyia, including the aberrant Hawaiian endemic D. inquispina, which may represent an
independent colonization of the archipelago.
**Authors conducted many different divergence time estimates, most of which were in close agreement; presented here are the
ones in which the authors stated they had the most confidence.Range (Ma)1 is 95% HPD unless otherwise noted.
11/05/21 17:55

Staff
Pencil



Figure 3. Estimated Dates of Colonizations of the Hawaiian Islands By Different Insect Clades

(From Previously Published Studies) Plotted Against Present Species Richness

Dots indicate dates of colonization obtained through divergence time estimation; horizontal lines indicate
95% highest probability density for date of colonization for studies in which Bayesian divergence time estimation
(Drummond and Rambaut 2007; Drummond et al. 2012; Bouckaert et al. 2014) was used. For certain radiations,
such as Drosophilidae and Nesophrosyne (Cicadellidae), both number of currently described species and estimated
total species richness are plotted separately. See the online edition for a color version of this figure.
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some animal lineages are older than cur-
rently understood and, in some cases, these
specialized interactions have beenmaintained
since beforeKauaʻi formed. In contrast, among
herbivorous insect clades, Nesophrosyne and
Pariaconus (phloem feeders) are post-Kauaʻi
in age. It will be interesting to examine the
age of additional phytophagousHawaiian in-
sect clades to see whether there are general
patterns in ecology that are correlated with
dates of colonization.

Additionally, the rangeof colonizationdates
across the age of the archipelago is consis-
tent with colonization occurring in temporal
windows inwhich therewere large “target” is-
lands such as Gardner, La Perouse, Kauaʻi,
and Maui Nui, in line with MacArthur and
Wilson’s predictions (1967). This mecha-
nism may be why some of the recent groups
are probably Maui Nui in origin—since that
island complex has occupied a large area for
roughly the last one million years. Older
groups, such as Drosophila+Scaptomyza, might
have established on a relatively small target
25 Ma, but subsequently had multiple line-
ages go through rounds of diversification
and colonizationonce themuch largerGard-
ner complex began to form. Temporal se-
quences of island colonization remain a
poorly understood area of island biogeogra-
phy, so further investigation of the chronolog-
ical assembly of the Hawaiian entomofauna
likely will be of broad interest to evolution
and biogeography generally (Warren et al.
2015; Patiño et al. 2017).
progression rule

A number of Hawaiian groups (Nesophro-
syne, Pariaconus, Ptycta, Campsicnemus, Laupala,
Eurynogaster+Arciellia+Uropachys) showanover-
all progression rule from Kauaʻi or older
islands to younger ones, either via biogeo-
graphic reconstruction of the whole radia-
tion or in one or more subclades (Table 1).
Notably, Hyposmocoma shows a progression
rule pattern that encompasses both theNorth-
western Hawaiian Islands and main Hawaiian
Islands (Haines et al. 2014). Nearly all groups
show an older-to-younger pattern somewhere
in their phylogeny, although in some groups
this pattern is clearer than in others, and only
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in some cases has it been assessed via a statisti-
cal biogeographic reconstruction approach.
The only three exceptions are the main clade
ofDicranomyia craneflies,mostflighted species
of which are indigenous to more than one is-
land, and for which historical biogeographic
reconstruction generates equivocal results at
all major nodes (Goodman and O’Grady
2013); Xyleborus wood-boring beetles, for which
a formal biogeographic reconstruction may
find evidence for progression (Cognato et al.
2018); and Swezeyana psyllids, for which only
a mitochondrial DNA tree is available at pre-
sent (Percy 2018).

within-island radiation

All Hawaiian radiations examined here,
with the exception of Dicranomyia, show
within-island radiation (Table 1). Such ra-
diation can occur within any of themajor is-
lands (Kauaʻi, Oʻahu,Maui Nui, orHawaiʻi).
Within-island radiation thus appears to be
a major and underappreciated mechanism
for diversification in Hawaiian insects, pos-
sibly even accounting for the majority of
diversification in adaptive radiations such as
Nesophrosyne (Bennett and O’Grady 2013),
Mecyclothorax (Liebherr 2006, 2015), and
Hyposmocoma (Haines et al. 2014). Suchdiver-
sification is often clearly associated with allo-
patric isolation on different volcanoes on
larger, younger islands such as Hawaiʻi and
the historically linked Maui Nui complex.
At least a few Hawaiian insect radiations,
such as Hyles (Sphingidae) may have diversi-
fied without within-island radiation (Hunds-
doerfer et al. 2009). Future work to examine
whether diversification is driven strictly by
biogeography or if, instead, there is also eco-
logical speciation onto different host plants
in herbivorous taxa or onto different host in-
sects in parasitoid taxa (Patiño et al. 2017)
will be of great interest.

stochastic and back dispersal

Stochastic and back-dispersal patterns are,
in practice, hard to distinguish in groups such
as Banza,Megalagrion, Campsicnemus, Philodo-
ria, andHyposmocoma (Jordanet al. 2003; Sha-
piro et al. 2006; Rubinoff and Schmitz 2010;
Goodman et al. 2014; Haines et al. 2014;
11/05/21 17:55rnational
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Johns et al. 2018; Table 1). Distinguishing
them may require formal biogeographic re-
construction, as in cases of back colonization
demonstrated in Nesophrosyne (Bennett and
O’Grady 2013) and Drosophila (Lapoint et al.
2011, 2014). In the former case, back coloni-
zation appears to have been permitted by
the recent arrival of new host plant resources
creating newly available niches on older is-
lands. Most groups show evidence for either
stochastic, back colonization, or both patterns,
with the caveat that the patterns are difficult
to distinguish rigorously in many cases. The
clearest example of a stochastic pattern is
probably inDicranomyia craneflies, described
above. InHylaeus bees, the stochastic pattern
is back dispersal by definition since the cen-
ter of origin is on the youngest island of
Hawaiʻi (Magnacca and Danforth 2006). Xy-
leboruswood-boring beetles are another likely
candidate for back colonization (Cognato
et al. 2018). Back colonization is of great in-
terest ecologically since it implies that island
communities do not completely fill (in an
ecological niche sense) in the initial period
of dispersal and diversification that follows
island formation. These patterns also reveal
that island ecology has been dynamic over
time, with new niches opening on older
islands. Consequently, we encourage entomol-
ogists studying insular faunas to use biogeo-
graphic reconstruction methods to attempt
to test for it more generally. The only radia-
tion to not show evidence for either of these
stochastic or back-colonization patterns is
Laupala crickets, which appear to follow a
progression rule almost perfectly (Mendel-
son and Shaw 2005).
critical assessment of hawaiian

biogeographic hypotheses

The progression rule has been an influen-
tial hypothesis in Hawaiian biogeography
(Wagner and Funk 1995), and has been ap-
plied to other oceanic archipelagos (Parent
et al. 2008; Hembry and Balukjian 2016;
Hembry 2018). The fact that geologic history
could be known in such detail and have such
a cleanly predictable effect on speciation
and phylogenetic branching (Carson 1997)
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was a remarkable insight that doubtless had
a salutary effect on research into the evolu-
tion ofHawaiian endemic biodiversity. Some
radiations, such as Laupala and Drosophila,
showpatterns recognizably similar toa straight-
forward progression rule (Bonacum et al.
2005; Mendelson and Shaw 2005). However,
many other radiations show either a progres-
sion rule or patterns consistent with a partial
progression rule (not including all main is-
lands) in some of their subclades, alongside
stochastic, back-dispersal, and within-island
radiation patterns (e.g.,Nesophrosyne,Campsic-
nemus, Eurynogaster+Arciellia+Uropachys, Philo-
doria, Hyposmocoma). Explicit biogeographic
inferences (e.g., Bennett and O’Grady 2013;
Bess et al. 2014; Haines et al. 2014) indicate
that some of these progression patterns are
consistent with the hypothesis of dispersal
fromolder islands to younger islands. In some
cases, biogeographic inferences in conjunc-
tion with divergence time estimation can lend
greater support for the progression rule than
biogeographic analyses alone (Ptycta; Bess
et al. 2014).

Testing a strictly defined progression rule
(Figures 2a, 4a) is quite challenging from a
computational standpoint. The progression
rule is both highly complex and specific
compared to most hypotheses tested using
phylogeneticcomparativemethods.Thepro-
gression rule is more parameter rich than
those that test monophyly of an ingroup or
hypotheses about the frequency of transi-
tions between character states of interest,
and is merely one of a very large number
of possible tree topologies that can be shown
within a Hawaiian radiation. In a likelihood
framework, it is not clear that testing a strict
progression rule using a model comparison
approach is actually meaningful given this
reality.We further lack any kind of agreement
about what a statistical “threshold” would be
above which a Hawaiian phylogeny would be
significantly consistent with a progression rule
(e.g., Figures 4b and c) and distinguishable
from a stochastic pattern (Figure 4d). A strict
progression rule in these respects may be an
unworkable hypothesis, especially as we gain
data on larger and messier Hawaiian radia-
tions. However, a relaxed form of the pro-
gression rule (Hembry and Balukjian 2016;
11/05/21 17:55rnational
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Hembry 2018), definedas apattern (ormech-
anism) in which earlier diverging lineages are
found on older islands and younger lineages
are found on younger islands (Figures 4b
and c), is still useful, and describes aspects
of many Hawaiian radiations. We must con-
tinue to recognize, however, that not all radi-
ations follow even a relaxed progression rule,
as is the case in the Hawaiian entomofauna
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as well as in the biota of the Galápagos and
Society Islands (Parent et al. 2008; Hembry
and Balukjian 2016).

Furthermore, despite the historical focus
on the progression rule per se in Hawaiian
biogeography and evolution, we suggest a
conceptual reframing of this problem as one
in which the spatial configuration of islands,
volcanoes, and habitat patches in Hawaiʻi is
Figure 4. Strong and Weak Progression Rules

a. Progression rule as presented in Funk and Wagner (1995), here referred to as a “strong” progression rule.
b. Hypothetical example of a “weak” progression rule: Oʻahu taxa are monophyletic, Lānaʻi rather than Molokaʻi
is sister to the rest of Maui Nui, and Molokaʻi, Maui, and Hawaiʻi taxa form a polytomy, but the general pattern
of early-diverging lineages on older islands and younger-diverging lineages is apparent. c. Second hypothetical
example of a “weak” progression rule in which generally early-diverging lineages from older islands (Kauaʻi and
Oʻahu) form a basal grade within which is nested a derived clade of taxa from younger islands (Maui Nui and
Hawaiʻi). d. Stochastic pattern as presented in Funk and Wagner (1995); here, no pattern of early-diverging lin-
eages on older islands and later-diverging lineages on younger islands is apparent.
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Figure 5. Clade Age-Species Richness Relationships for All Hawaiian Insect Radiations Considered in

This Study

Plotted R 2 value represents a least-squares linear regression. a. Age-richness relationship using known species
richnesses (R 2 = 0.26, p = 0.036). b. Age-richness relationship using estimated species richnesses for Drosophili-
dae and Nesophrosyne (R 2 = 0.29, p = 0.026).
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an especially amenable model system for in-
vestigating the scales at which habitat dis-
continuity is relevant to metapopulation
dynamics, speciation, hybridization, commu-
nity assembly, and macroevolution. Such an
approach may also provide a coherent frame-
work into which many of the other factors
considered in Hawaiian biogeography—such
as dispersal mechanisms, interisland distances,
and island size—can be integrated, thus pro-
viding further general insights to evolutionary
biologists in many different disciplines.

what makes a large radiation?

Lineage Age
Comparison of colonization dates with ex-

tant species richness reveals a positive rela-
tionship between the two with a great deal
of variance (known species richnesses: R2 =
0.26, p = 0.036; estimated species richnesses:
R2 = 0.29, p = 0.026; Figure 5). Unsurprisingly
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for a heterogeneous assortment of clades of
varying ages, known species richnesses are not
normally distributed (Shapiro-Wilk normal-
ity test, p < 0.001), although ln-transformed
known species richnesses are approximately
normally distributed (Shapiro-Wilk test, p =
0.72). A Dixon outlier test of these ln-
transformed richnesses fails to find any outlier
radiations (p = 0.73). Thus, diversity is positively
correlated with date of colonization—but
many other factors are important in deter-
mining what makes a large Hawaiian insect
radiation, including the varying criteria and
rigor applied to the definition of species across
generations of entomologists working on vari-
ous groups and the susceptibility of those
groups to extinction and diversification.

As an aside, we note that a positive rela-
tionship between clade age and richness is
frequently observed when comparing mul-
tiple clades from the same biogeographic
region (Li and Wiens 2019), and that using
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Hawaiian endemic clades as theunits of anal-
ysis avoids some pitfalls associated with using
ranked higher taxa in these kinds of analyses
(e.g., Stadler et al. 2014). However, given the
exceptional aspects of theHawaiian environ-
ment and these insect clades—particularly
that all of these clades have diversified on
young islands with many vacant niches and
that the land area of these islands has varied
dramatically over the past 25 Myr—we cau-
tion against drawing general inferences about
the relationship between clade age and spe-
cies richness across the Tree of Life from
these data alone.

Dispersal Ability
Several other factors can be hypothesized

that may determine the size of Hawaiian in-
sect radiations, and different radiations are
likely diversifying for different reasons and
under different dynamics (Valente et al. 2015).
For instance, it seems plausible that vagility
may be negatively correlated with diversity.
Radiations such as Scatella and Dicranomyia
are relatively species poor. Species in both
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genera are found in coastal habitats where
larvae and/or pupae develop in and are
adapted to brackish water. Dispersal across
water as immatures may be likely in these sa-
line tolerant taxa, leading to the widespread
distribution of some species (only approxi-
mately 30%of species in each lineage are sin-
gle-island endemics). Alternately, taxa found
in habitats where adults are prone to being
blown by winds, as is the case in Dicranomyia
(Nitta and O’Grady 2008), may also explain
widespread distribution patterns. Likewise,
strong flyers like lycaenid and nymphalid but-
terflies, and dragonflies are represented in
Hawaiʻi by singletons (Zimmerman 1948a).

Ecological Factors
Perhapsmost importantly, very species-rich

lineages also show a great deal of ecological
diversity (e.g., Drosophila+Scaptomyza feeding
substrates and behaviors; Hyposmocoma cases
and foods; host plants in Nesophrosyne, Neso-
sydne, and Orthotylus; host caterpillars and
feeding sites in Sierola; and habitat in Camp-
sicnemus). Similar patterns are seen across
Figure 5. (Continued)
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insects globally (e.g., Wiens et al. 2015). The
absence of other competing taxa—presum-
ably those less able to disperse over such long
distances or simply not as successful by
chance—is amajor factor in driving diversifi-
cation of large island radiations, particularly
in creating the imbalance between continen-
tal andHawaiian patterns of diversity. For ex-
ample, the absence in Hawaiʻi of the myriad
saprophagous fly families such as Neriidae,
Lauxaniidae, and Heleomyzidae may have
led to the impressive radiation of Droso-
philidae in Hawaiʻi. Likewise, the absence
or reduced diversity of small lepidopteran
parasitoids such as Ichneumonidae, Braconi-
dae, andPteromalidaehaveundoubtedly been
key to the extraordinary radiation of Sierola.
Understanding the drivers of insular diversity
has recently been recognized as a major open
area in islandbiogeography research (Warren
et al. 2015; Patiño et al. 2017).
Microbial Symbiosis
Symbiosis is now recognized as a key evolu-

tionary driver of insect diversity. It is estimated
that 10–20% of all insects (up to one million
species) may rely on beneficial symbionts for
essential benefits (Douglas 2011). Prominent
and illustrative examples can be found among
the lineagesof theAuchenorrhyncha(Hemip-
tera), where symbioses with microbes have
played fundamental roles in their ecological
and evolutionary diversification. In Hawaiʻi,
an intriguing aspect of the Auchenorrhyncha
is that most species rely on ancient, obligate
associations withmicrobial symbionts (Moran
et al. 2005). Because their plant-sap diets are
limited in essential nutrition (amino acids
and vitamins), insects depend on microbes
to provide them. In Hawaiʻi, colonizing lin-
eages have carried with them these associa-
tions. Both the endemic Hawaiian cixiids
and cicadellidsmaintain the twoancestral bac-
terial symbionts of the suborder, Sulcia and a
Betaproteobacteria (Bennett and Mao 2018). In
contrast, the delphacids (e.g., Nesosydne) are
predicted to rely on a fungal yeast-like symbi-
ont, which is found widely throughout the
family. Recent work has further revealed that
symbioses are important to several other
significant Hawaiian insect radiations, includ-
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ing seed bugs in the genus Nysius (Hemip-
tera: Heteroptera: Lygaeidae; Stever et al.
2021). Genomic and molecular verification
of symbionts in Hawaiian insects is mostly
lacking (but see Bennett and O’Grady 2012;
Bennett andMao 2018). However, these sym-
biotic systems can provide fertile grounds for
understanding the role of symbioses in the bi-
ology anddiversificationof insectsmoregener-
ally (Poff et al. 2017).
Conclusions

Hawaiʻi has long been held as an evolu-
tionary model system because it offers the
possibility of understanding which aspects
of evolution are predictable, especially with
regard to how the archipelago’s (and, by ex-
tension, the Earth’s) dynamic geology is the
engine of diversification and species rich-
ness. New data from the past two decades of
research illustrates clearly the extent to which
Hawaiʻi’s unique hotspot geology has shaped
the evolution of Hawaiian insects. Although
the progression rule is one of the most fre-
quently predicted and observed biogeo-
graphic patterns on hotspot archipelagoes
like Hawaiʻi, perfect adherence to a progres-
sion rule is rare and perhaps should not be
the default expectation. Many Hawaiian in-
sect radiations have diversified according to
a complex mixture of progression, stochas-
tic, back-dispersal, and within-island patterns
of speciation and dispersal. In contrast to
previously held views about the age of the
Hawaiian biota, we find here that a substan-
tial fraction of Hawaiian insect clades for
which data are available predate the forma-
tion of current high islands. These lineages
have likely persisted through geologically
and biotically dynamic periods of island ero-
sion and subsidence and habitat and species
extinction.

The Hawaiian entomofauna continues to
open the door to a broad range of possible
insights into the patterns and mechanisms
of evolution, including relationships between
clade age and species richness and plant and
insect macroevolution as we have discussed
here. Hawaiʻi offers unparalleled opportuni-
ties to study speciation andgeneflow, repeated,
convergent patterns in evolution, and the
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deep macroevolutionary history of adaptive
radiations. Within the detailed known con-
text of the archipelago’s geology, disentan-
gling abiotic (geology, climate) and biotic
(plants, symbionts) drivers of animal diversity
becomes possible in Hawaiʻi to a degree that
is difficult elsewhere. Our hope is that this re-
view will inspire the next generation of evolu-
tionary biologists studying the Hawaiian biota
and its conservation.
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